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Fol lowing  a survey  of p r e v i o u s  melting-wave 
s t u d i e s ,  a f l a t - p l a t e  experiment  i s  d e s c r i b e d  which 
i s  des igned  t o  i n v e s t i g a t e  t h e  b a s i c  n a t u r e  of  waves 
formed on a m e l t i n g  body i n  a h e a t e d  a i r  s t ream.  By 
v a r y i n g  m a t e r i a l  p r o p e r t i e s  and ambient  c o n d i t i o n s ,  
a r a n g e  of v a l u e s  f o r  a m e l t i n g  p a r a m e t e r ,  J, i s  ob- 
t a i n e d ,  and t h e  r e s u l t i n g  wave b e h a v i o r  i s  r e c o r d e d  
and ana lyzed .  
It i s  found t h a t  t h e  r a t i o  of  h e a t i n g  r a t e  t o  
s o f t e n i n g  r a t e  ( i n d i c a t e d  by t h e  pa rame te r  r )  i s  v e r y  
useful is n r o A i r + ; n n  t h e  s$ier\.t features cf mel+,inn 
'1 y,rrusv r*..y 
waves. By r e l a t i n g  t h e  d a t a  t o  t h i s  pa rame te r  and 
f a c t o r s  d e r i v e d  from t h e  pa rame te r ,  s imp le  r e l a t i o n -  
s h i p s  a r e  o b t a i n e d  t o  d e f i n e  wave v e l o c i t y  , ampli-  
t u d e ,  and spac ing .  A l 1 c r i t i c a l I t  o r  minimum c o n d i t i o n  
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CHAPTER I 
INTRODUCTION 
A b l a t i o n  waves 
For many y e a r s  g l a s s y  s t o n e s  have been found i n  
c e r t a i n  l o c a t i o n s  on t h e  e a r t h  i n c l u d i n g  S o u t h e a s t  A s i a ,  
A u s t r a l i a ,  p a r t s  o f  t h e  Uni ted  S t a t e s ,  t h e  I v o r y  C o a s t ,  
Bohemia, and Moravia. C a l l e d  t l t e k t i t e s t t  and a v a r i e t y  
o f  o t h e r  names, t h e s e  p a r t i c l e s  c o n s i s t  l a r g e l y  o f  Si02 
i n  t h e  form o f  s i l i c a  g l a s s  and a t t r a c t e d  a t t e n t i o n  
because  t h e y  d i f f e r  markedly from t h e  t e r r a i n  i n  which 
t h e y  a r e  found, A s  d i s c u s s e d  by O'Keefe (l), t h e  num- 
b e r  o f  such  p a r t i c l e s  i s  q u i t e  l a r g e  i n  c e r t a i n  l o c a -  
t i o n s ,  b u t  t h e y  a r e  v i r t u a l l y  unknown e lsewhere .  T h i s  
f a c t  and t h e  d i s s i m i l a r i t y  between t h e  t e k t i t e s  and 
l o c a l  g e o l o g i c a l  c o n d i t i o n s  h a s  l e d  t o  t h e  p r o p o s a l  of  
many t h e o r i e s  s eek ing  t o  e x p l a i n  t h e i r  o r i g i n  and t h e  
method by which t h e y  were d e p o s i t e d  on t h e  e a r t h .  
One o f  t h e  s t r i k i n g  f e a t u r e s  o f  t h e  A u s t r a l i a n  
t e k t i t e s  i s  t h e i r  shape .  They appea r  t o  have been 
formed by p a r t i a l  a b l a t i v e  mel t ing  i n  a s t r eam of  h o t  
g a s e s  from an i n i t i a l l y  s p h e r i c a l  shape. The r e s u l t -  
i n g  but ton-shaped  lump is covered w i t h  r ing-shaped  
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waves e n c i r c l i n g  t h e  s t a g n a t i o n  p o i n t  p l u s  an accumu- 
l a t i o n  o f  r e - s o l i d i f i e d  m a t e r i a l  around t h e  " e q u a t o r "  
of  t h e  b u t t o n .  I t  appea r s  t h a t  t h e  m a t e r i a l  s o l i d i f i e d  
o r i g i n a l l y  i n  a s p h e r i c a l  shape and was t h e n  remelted 
o r  a b l a t e d  by p a s s i n g  through t h e  atmosphere a t  h i g h  
v e l o c i t y .  
Recent  s t u d y  h a s  c e n t e r e d  around t h i s  a b l a t i o n  
b e h a v i o r  and h a s  narrowed t h e  r a n g e  o f  t h e o r i e s  t o  two 
of  t h e  s t r o n g e s t  p o s s i b i l i t i e s .  Based on h i s  e x t e n s i v e  
s t u d i e s ,  Barnes  (2) i n  1961 suppor t ed  t h e  t h e o r y  t h a t  
t h e  t e k t i t e s  a r e  d e b r i s  thrown up by t h e  impact  o f  a 
l a r g e  meteor  on t h e  s u r f a c e  of  t h e  e a r t h - - p o s s i b l y  i n  
A n t a r c t i c a .  More r e c e n t l y  Chapman and h i s  a s s o c i a t e s  
(3-7) and O'Keefe (8) have o f f e r e d  s t r o n g  arguments 
which i n d i c a t e  t h a t  t h e  p a r t i c l e s  c o n s i s t  of d e b r i s  
..A : L -..- 1 2 - J. -A w i i L A l i  w a 3  c jcLLcu f r ~ m  L i i c  - -A-  iiiuuii u y  +Ln L i i c  aiiipab ' - - e m +  cI of mete -  
ors on t h a t  a i r l e s s  s u r f a c e  and l a t e r  c a p t u r e d  by t h e  
e a r t h .  
The q u e s t i o n  o f  o r i g i n  i s  an i n t r i g u i n g  one ,  pa r -  
t i c u l a r l y  t o  g e o p h y s i c i s t s ;  and t h e  g a t h e r i n g  o f  e v i -  
dence  c o n t i n u e s .  R e c e n t l y  O'Keefe (9) o f f e r e d  c a l c u l a -  
t i o n s  based  on t h e  ex t r eme ly  low w a t e r  c o n t e n t  of t e k -  
t i t e s  i n  s u p p o r t  o f  t h e  e x t r a - t e r r e s t i a l  t h e o r y  of  
o r i g i n .  H e  a rgued  t h a t  it would b e  i m p o s s i b l e  t o  remove 
t h e  l a r g e  w a t e r  c o n t e n t  from t e r r e s t i a l  m a t e r i a l  d u r i n g  
m e t e o r i t e  impact  w i t h o u t  blowing t h e  m a t e r i a l  a p a r t  
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comple te ly .  Wi thout  e n t e r i n g  d i r e c t l y  i n t o  t h e  d i s -  
c u s s i o n ,  o t h e r  r e s e a r c h e r s  (10-12) have de te rmined  addi -  
t i o n a l  i n f o r m a t i o n  abou t  t h e  p r o p e r t i e s  o f  t e k t i t e s  
which may e v e n t u a l l y  c o n t r i b u t e  t o  t h e  f i n a l  de t e rmina -  
t i o n  of  o r i g i n .  
The approach used by Chapman i n  h i s  a t t e m p t s  t o  
d e t e r m i n e  t h e  o r i g i n  of t e k t i t e s  was based  on a t t e m p t i n g  
t o  de t e rmine  t h e  e n t r y  v e l o c i t y  and t r a j e c t o r i e s  of t h e  
p a r t i c l e s  which d i s p l a y  ev idence  of having  a b l a t e d .  
A f t e r  t h e  d i s c o v e r y  t h a t  a n  a b l a t i n g  l a y e r  o f  m a t e r i a l  
c a n  s e r v e  t o  s h i e l d  an o b j e c t  i n  a h igh - t empera tu re  g a s  
s t r e a m  by abso rb ing  h e a t  d u r i n g  m e l t i n g  o r  v a p o r i z a t i o n  
and t h e n  f lowing  o f f  t h e  s u r f a c e ,  c o n s i d e r a b l e  work i n  
t h e  f i e l d  of a b l a t i o n  fo l lowed q u i c k l y .  The a p p l i c a -  
t i o n  of  a b l a t i v e  h e a t  s h i e l d s  t o  r e - e n t r y  v e h i c l e s  
s e r v e d  t o  s t i m u l a t e  r e s e a r c h  i n  t h i s  f i e l d ;  and by 
u t i l i z i n g  t h e  t h e o r e t i c a l  r e s u l t s  of  Bethe  and Adams 
(13), Chapman was a b l e  t o  draw h i s  c o n c l u s i o n s  con- 
c e r n i n g  approximate  e n t r y  c o n d i t i o n s .  
Much o f  t h e  e a r l y  work i n  a b l a t i o n  ( f o r  example,  
r e f e r e n c e s  14-15) was concerned w i t h  t h e  f l u i d  and 
t h e r m a l  b e h a v i o r  of t h e  a b l a t i n g  l a y e r  i n  t h e  s t a g n a -  
t i o n  r e g i o n .  The i m p o r t a n t  f a c t o r s ,  o f  c o u r s e ,  i n c l u d e d  
. t h e  amounts o f  h e a t  absorbed and t r a n s m i t t e d  by t h e  
s h i e l d i n g  l a y e r  and t h e  r a t e  o f  e r o s i o n  of  t h e  l a y e r .  
a -  
' .  
. L  
I n  t h e  e a r l y  
on t h e  s u r f a  
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works t h e  p o s s i b i l i t y  of  waves o r  r i p p l e s  
e o f  t h e  a b l a t i n g  m a t e r i  1 was n o t  recog-  
n i zed  o r  i n v e s t i g a t e d .  I n  some of  t h e  a r c - j e t  e x p e r i -  
ments used f o r  a b l a t i o n  s tudy ,  waves e i t h e r  were n o t  
p r e s e n t  o r  were n o t  d i s c e r n i b l e  on t h e  glowing l i q u i d  
s u r f a c e .  The e a r l i e s t  t h e o r e t i c a l  s t u d i e s  were l i m i t e d  
t o  t h e  s t a g n a t i o n  r e g i o n ,  and no wavel ike  behav io r  of  
t h e  mel t  was p r e d i c t e d .  
A t t empt s  t o  ex tend  t h e  work away from t h e  s t a g n a -  
t i o n  r e g i o n  were i n i t i a t e d  i n  l i m i t e d  form by Fanucc i  
and Lew (20) and T e l l e p  (21). I n  1560 O s t r a c h ,  Gold- 
s t e i n ,  and Hamman (22 and 23) p r e s e n t e d  an  a n a l y s i s  o f  
t h e  f l o w  f u r t h e r  around t h e  body n o t i n g  t h a t  t h e  
e f f e c t s  of  d e c e l e r a t i o n  become i n c r e a s i n g l y  impor t an t  
a s  t h e  f l o w  d i r e c t i o n  becomes more p a r a l l e l  t o  t h e  
d i r e c t i o n  of iiie body forces .  
e q u a t i o n s ,  t h e y  showed t h a t  two b a s i c  pa rame te r s  c h a r a c -  
t e r i z e d  t h e  problem. 
Froude  number r e p r e s e n t i n g  t h e  r a t i o  of  d e c e l e r a t i o n  
t o  p r e s s u r e  (or  v i s c o u s )  f o r c e s ;  t h e  o t h e r  i s  governed 
by l i q u i d  p r o p e r t i e s  and i n d i c a t e s  t h e  r e l a t i v e  i n f l u -  
ence  of  c o n v e c t i o n  and conduct ion .  I n  a d d i t i o n ,  numer- 
i c a l  i n t e g r a t i o n  o f  t h e  b a s i c  e q u a t i o n s  i n d i c a t e d  t h a t  
d e c e l e r a t i o n  f o r c e s  cou ld  ampl i fy  a wave- l ike  b e h a v i o r  
o f  t h e  l i q u i d  l a y e r  a l though such f o r c e s  a r e  n o t  neces-  
s a r y  f o r  wave fo rma t ion .  
By sca1i.n.g t h e  has ic .  
One  i s  e s s e n t i a l l y  a r e c i p r o c a l  
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More r e c e n t l y ,  McConnell ( 2 4 ) , i n  h i s  Ph.D. re- 
s e a r c h  unde r  t h e  d i r e c t i o n  of Os t rach ,expanded and 
improved t h e  e a r l i e r  r e s u l t s  by app ly ing  a p e r t u r b a -  
t i o n  a n a l y s i s  s t a r t i n g  from t h e  i n i t i a l  s t a t e  of  con- 
d u c t i o n  and a l ong- t ime  a n a l y s i s  s t a r t i n g  from time- 
independent  a b l a t i o n .  He a l s o  performed expe r imen t s  
w i t h  a s p h a l t  s p h e r e s  i n  a v e r t i c a l ,  h e a t e d  wind t u n n e l  
and o b t a i n e d  r a t h e r  good c o r r e l a t i o n  between t h e  t h e o r y  
and t h e  a c t u a l  behav io r .  By v a r y i n g  t h e  dynamic p r e s -  
s u r e  i n  t h e  v e r t i c a l  t u n n e l  (w i th  i t s  c o n s t a n t  body 
f o r c e ) ,  he  was a b l e  t o  show t h a t  t h e  r e c i p r o c a l  Froude 
number does  indeed  a f f e c t  t h e  wave b e h a v i o r  and t h a t  
. t h e  numer i ca l  r e s u l t s  o b t a i n e d  a r e  q u i t e  r e a s o n a b l e .  
I n  c o n j u n c t i o n  w i t h  t h i s  work O s t r a c h  and McConnell (25) 
p r e d i c t e d  t h e  e x i s t e n c e  o f  a "mel t ing"  pa rame te r  which 
i n  e f f e c t  would g i v e  t h e  r e l a t i o n s h i p  between t h e  h e a t -  
i ng  and s o f t e n i n g  r a t e s  f o r  a body m e l t i n g  i n  a f lowing  
g a s  s t r eam.  
I n  s p i t e  of t h e  s u c c e s s e s  w i t h  t h e s e  a n a l y t i c a l  
resu l t s ,  a b a s i c  problem remained un reso lved .  The math- 
e m a t i c a l  s o l u t i o n s  a s  t h e y  s tood  d i d  n o t  t a k e  i n t o  ac-  
c o u n t  t h e  coup l ing  between t h e  l i q u i d  l a y e r  and t h e  g a s  
s t r e a m  f lowing  o v e r  it; and a s  a r e s u l t  c e r t a i n  l i m i t a -  
3 i o n s  appeared .  F o r  example, t h e  s o l u t i o n s  p r e d i c t e d  
o n l y  a s i n g l e  wave du r ing  t h e  m e l t i n g  r a t h e r  t h a n  t h e  
ser ies  of  waves observed  i n  expe r imen t s .  I n  t h e  
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s o l u t i o n s  t h e  o u t e r  boundary c o n d i t i o n  had been t a k e n  
t o  be  t h e  known boundary l a y e r  f l o w  o v e r  t h e  i n i t i a l  
body shape;  hence changes i n  t h e  g a s  f l o w  caused  by 
changes  i n  t h e  body shape o r  by a wavy s u r f a c e  were n o t  
r e f l e c t e d  i n  t h e  s o l u t i o n s .  
I n  an a t t e m p t  t o  improve t h i s  s i t u a t i o n ,  Chen ( 2 6 ) ,  
i n  h i s  work toward a Ph.D. d e g r e e  a t  Case ,  h a s  a t t a c k e d  
t h e  problem i n  a more complete  form u s i n g  n o t  o n l y  t h e  
b a s i c  e q u a t i o n s  of t h e  l i q u i d  l a y e r  b u t  a l s o  t h e  equa- 
t i o n s  o f  t h e  g a s  boundary l a y e r .  The r e s u l t i n g  s i x  
e q u a t i o n s  a r e  r e q u i r e d  t o  match a t  t h e  g a s - l i q u i d  i n t e r -  
f a c e  i n  terms o f  s h e a r ,  p r e s s u r e ,  t e m p e r a t u r e  g r a d i e n t ,  
and d i s p l a c e m e n t  normal t o  t h e  i n t e r f a c e .  Work i s  s t i l l  
c o n t i n u i n g  on t h i s  obv ious ly  complex problem; however 
some b a s i c  pa rame te r s  and r e f e r e n c e  q u a n t i t i e s  have  
a l r e a d y  been  o b t a i n e d  t o  c h a r a c t e r i z e  a b l a t i o n  b e h a v i o r .  
These  q u a n t i t i e s  a r e  quoted i n  t h e  Appendix; and a s  w i l l  
b e  shown i n  t h i s  r e p o r t ,  it a p p e a r s  t h a t  t h e y  a r e  q u i t e  
u s e f u l  i n  p r e d i c t i n g  me l t ing  wave b e h a v i o r .  The b a s i c  
p a r a m e t e r  o b t a i n e d  i n  t h i s  work i s  a more g e n e r a l  form 
o f  t h e  one p r e d i c t e d  by O s t r a c h  and McConnell i n  
r e f e r e n c e  25. 
Water waves 
When c o n s i d e r i n g  wave b e h a v i o r  on a f r e e  s u r f a c e  
such  as t h a t  OR a m e l t i n g  body, t h e  i n v e s t i g a t o r  i s  
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s t r o n g l y  tempted by t h e  voluminous l i t e r a t u r e  a v a i l a b l e  
on t h e  s u b j e c t  of  w a t e r  waves (see,  f o r  example,  t h e  
su rvey  i n  r e f e r e n c e  27). Indeed ,  such  an approach i s  
n o t  t o  be  ignored  c o n s i d e r i n g  t h e  obv ious  s i m i l a r i t i e s .  
I n  t h e  e v e n t  t h a t  t h e  mode of m e l t i n g  wave b e h a v i o r  i s  
t o t a l l y  d i f f e r e n t  t h a n  w a t e r  wave b e h a v i o r ,  t h e r e  i s  
s t i l l  t h e  r e a s o n a b l e  p o s s i b i l i t y  t h a t  b o t h  modes might  
appear--superimposed on one ano the r - - in  e i t h e r  s i t u a t i o n .  
Chapman (4) no ted  t h e  p o s s i b l e  s i m i l a r i t y  between 
a b l a t i o n  waves and w a t e r  waves; however t h e r e  a r e  a l s o  
some d i f f e r e n c e s .  A b l a t i o n  waves a r e  g e n e r a t e d  i n  a 
m a t e r i a l  which i s  much more v i s c o u s  t h a n  w a t e r  and 
which c o n t a i n s  v e r y  l a r g e  v i s c o s i t y  g r a d i e n t s .  It i s  
g e n e r a l l y  known t h a t  w a t e r  waves move much f a s t e r  t h a n  
t h e  veter. itself; y e t  expe r imen ta l  r e s u l t s  on m e l t i n g  
waves do n o t  r e v e a l  such  behav io r  c o n s i s t e n t l y .  While 
Chapman o b t a i n e d  m e l t i n g  waves which d i d  i n  f a c t  move 
much f a s t e r  t h a n  t h e  l i q u i d ,  seemingly  c o n t r a d i c t o r y  
r e s u l t s  from McConnell 's  t e s t s  (24) i n d i c a t e d  t h a t  
l i q u i d  and wave v e l o c i t i e s  were o f  t h e  same o r d e r  of  
magni tude.  I t  was a t  t h i s  p o i n t  t h a t  O s t r a c h  and 
McConnell (25) sugges t ed  t h a t  t h e  v a r i a t i o n  i n  beha- 
v i o r  might  be  r e l a t e d  t o  t h e  r a t i o  between h e a t i n g  and 
s o f t e n i n g  r a t e s ,  which was shown t o  b e  d i f f e r e n t .  f o r  
t h e  two m e l t i n g  exper iments .  
Expe r imen ta l  work i n  t h e  a r e a  o f  wind-driven 
'? 
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waves h a s  l a r g e l y  been conf ined  t o  l o w - v i s c o s i t y  f l u i d s  
because  of t h e  obvious  i n t e r e s t  i n  ocean waves. F r a n c i s  
(28), however, o b t a i n e d  i n t e r e s t i n g  r e s u l t s  w i t h  a mo- 
d e r a t e l y  v i s c o u s  o i l ,  which w i l l  be shown t o  b e  s i g n i -  
f i c a n t  i n  l i g h t  o f  t h e  p r e s e n t  i n v e s t i g a t i o n .  
The s t u d y  of  f i l m  f l ow and f i l m  i n s t a b i l i t y  o f f e r s  
a n o t h e r  p o s s i b l e  g u i d e  t o  t h e  m e l t i n g  wave problem. 
(See, f o r  example,  r e f e r e n c e s  29 t o  3L) 
h a s  been l a r g e l y  th rough  t h e  a p p l i c a t i o n  o f  t h e  Orr- 
Sommerfield e q u a t i o n  and t h e  p r i n c i p l e s  o f  Ke lv in -  
Helmholtz  i n s t a b i l i t y .  The s i g n i f i c a n c e  o f  t h e s e  ana ly -  
ses w i l l  b e  d i s c u s s e d  f u r t h e r  i n  c o n j u n c t i o n  w i t h  t h e  
r e s u l t s  of  t h i s  p r o j e c t .  
The approach 
S t a t e m e n t  -- o f  t h e  problem 
I n  l i g h t  of r e c e n t  developments  it a p p e a r s  t h a t  
s i g n i f i c a n t  p r o g r e s s  i s  being made i n  t h e  a n a l y t i c a l  
t r e a t m e n t  o f  t h e  m e l t i n g  p rocess .  The p r a c t i c a l  a p p l i -  
c a t i o n  and v e r i f i c a t i o n  o f  t h e  proposed s o l u t i o n s  nave 
so  f a r  been c o n f i n e d  t o  t h e  d a t a  a v a i l a b l e  from a c t u a l  
t e k t i t e s  p l u s  t h e  r e c e n t  b a s i c  expe r imen t s  of  Chapman, 
McConnell, and Chen. C o n s i d e r a b l y  e x p e r i m e n t a t i o n  h a s  
been  completed i n  t h e  development of  a b l a t i v e  h e a t  
s h i e l d s ;  however t h e s e  i n v e s t i g a t i o n s  shed l i t t l e  l i g h t  
on t h e  m e l t i n g  wave behav io r  s i n c e  t h e y  were des igned  
f o r  d i f f e r e n t  pu rposes .  
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The o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n ,  t h e n ,  was 
t o  s t u d y  e x p e r i m e n t a l l y  t h e  me l t ing  and a b l a t P o n  pro-  
c e s s e s  o v e r  a r a n g e  of c o n d i t i o n s  w i t h  p a r t i c u l a r  
emphasis on t h e  wave behav io r .  
v a r y i n g  t h e  r a t i o  between h e a t i n g  and s o f t e n i n g  r a t e s  
t h rough  the  pa rame te r  sugges ted  by O s t r a c h ,  McConnell, 
and now Chen, t h e  i n f l u e n c e  o f  t h e s e  q u a n t i t i e s  on wave 
b e h a v i o r  cou ld  be  e s t a b l i s h e d  and pe rhaps  t h e  v a r i a t i o n  
i n  p r e v i o u s  o b s e r v a t i o n s  could b e  e x p l a i n e d .  
j e c t  was unde r t aken  t o  o b t a i n  a more b r o a d l y  based 
It was hoped t h a t  by 
The pro-  
u n d e r s t a n d i n g  of  t h e  m e l t i n g  wave phenomenon t o  an 
e x t e n t  n o t  h e r e t o f o r e  a t tempted .  
CHAPTER I1 
EXPERIMENTAL PLAN 
Model conf i q u r a t i o n  
One o f  t h e  fundamental  d e c i s i o n s  i n  any f l u i d  
dynamics experiment  conce rns  t h e  c h o i c e  of p h y s i c a l  
c o n f i g u r a t i o n ,  w i t h  two b a s i c  approaches a v a i l a b l e  t o  
t h e  i n v e s t i g a t o r .  F i r s t l y ,  he  might  a t t e m p t  t o  simu- 
l a t e  a f u l l - s c a l e  f l o w  c o n d i t i o n  wi th  a model hoping 
t h a t  p r o p e r  s c a l e  f a c t o r s  o r  r a t i o s  can be  found which 
w i l l  a s s u r e  t r u e  s i m i l a r i t y  between t h e  model and t h e  
r e a l  s i t u a t i o n .  Secondly ,  h e  can g i v e  up t h e  r e s t r i c -  
t i o r?  of 3 p a r t i c u l a r  p h y s i c a l  shape and i n s t e a d  a t t empt  
t o  o b t a i n  b a s i c  i n f o r m a t i o n  us ing  whatever  shape  i s  
most conven ien t .  Although t h e  l a t t e r  approach has  a 
d i s a d v a n t a g e  i n  t h a t  t h e  r e s u l t s  may n o t  be  d i r e c t l y  
a p p l i c a b l e  t o  p a r t i c u l a r  problems, it i s  u l t i m a t e l y  
more u s e f u l  s i n c e  such results sometimes can be  modi- 
f i e d  t o  s u i t  an i n d i v i d u a l  problem o r  a t  l e a s t  may be  
used  t o  g u i d e  i n v e s t i g a t i o n  and p rov ide  more d e t a i l e d  
i n f o r m a t i o n  about  t h e  problem a r e a .  
The second approach was chosed f o r  t h i s  i n v e s -  
t i g a t i o n  s i n c e  a v a i l a b l e  b a s i c  d a t a  concern ing  m e l t i n g  
10 
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waves was r a t h e r  s p a r s e .  The c l a s s i c a l  f l a t  p l a t e  i n  
a p a r a l l e l  a i r  s t r e a m  was chosen so  t h a t  t h e  e f f e c t s  
of shape ,  c u r v a t u r e ,  p r e s s u r e  d i s t r i b u t i o n ,  and g r a v i t y  
could  b e  c o n t r o l l e d  o r  e l i m i n a t e d .  I n  s p i t e  of s i m p l i -  
f i c a t i o n s  a f f o r d e d  by t h e  f l a t  p l a t e ,  a n o t h e r  problem 
i s  c r e a t e d  due t o  t h e  d i f f i c u l t y  invo lved  i n  m a i n t a i n -  
i n g  a t r u l y  f l a t  s u r f a c e  a s  me l t ing  and f l o w  beg in .  
The approach t o  t h i s  problem i s  d i s c u s s e d  i n  C h a p t e r  I V .  
A t  t h e  o u t s e t  it was dec ided  t h a t  t h e  p l a t e  would 
be suspended i n  an a i r  s t r e a m  away from f i x e d  bounda- 
r ies  t o  avo id  e s t a b l i s h e d  boundary l a y e r s .  The t o p  
s u r f a c e  of t h e  p l a t e  was i n t e n d e d  t o  be  t h e  m e l t i n g  
s u r f a c e  w h i l e  t h e  lower  s u r f a c e  was t o  be  i n s u l a t e d  t o  
p r e v e n t  h e a t i n g  from below. Des ign  d e t a i l s  a r e  d i s -  
cussed  i n  C h a p t e r  111. 
C o n t r o l  - of  v a r i a b l e s  
I n  v iew o f  t h e  l a c k  of w e l l - e s t a b l i s h e d  t h e o r y  t o  
p r e d i c t  m e l t i n g  wave b e h a v i o r ,  i t  was n o t  c l e a r  which 
v a r i a b l e s  and c o n d i t i o n s  would be  most s i g n i f i c a n t .  
From p r e v i o u s  work t h e  fo l lowing  were though t  t o  have 
some e f f e c t :  
1. A i r  s t r e a m  Reynolds number. 
2. A i r  s t r e a m  t empera tu re .  
3 .  A i r  s t r e a m  t u r b u l e n c e .  
4. A i r  s t r e a m  p r e s s u r e  g r a d i e n t s .  
5. Body shape.  
6. G r a v i t y  ( o r  a t c e l e r a t i e n )  p a r a l l e l  t o  t h e  f low.  
7. P h y s i c a l  p r o p e r t i e s  of t h e  melt. 
a. S o f t e n i n g  p o i n t ,  Tm. 
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b. S p e c i f i c  h e a t ,  c p l .  
c .  Thermal C o n d u c t i v i t y ,  kl. 
d. V i s c o s i t y - t e m p e r a t u r e  p r o f i l e .  
e. P r a n d t l  number. 
8. Reynolds number of  t h e  melt. 
9. I n i t i a l  body t empera tu re .  
10. R e c i p r o c a l  Froude number of  t h e  m e l t .  
11. R a t i o  between conduct ion  and c o n v e c t i o n  w i t h i n  
t h e  melt (Os t r ach ,  r e f e r e n c e  22).  
Although s e v e r a l  o f  t h e  above q u a n t i t i e s  a r e  
i n t e r r e l a t e d ,  it i s  obv ious  t h a t  s imul t aneous  i n v e s -  
t i g a t i o n  of a l l  would be  q u i t e  cumbersome. It was d e c i -  
ded t h a t  t h e  f l a t  p l a t e  would be  used i n  a h o r i z o n t a l  
p o s i t i o n  i n  a un i fo rm,  p a r a l l e l  a i r  s t r eam t h u s  e l i m i -  
n a t i n g  t h e  e f f e c t s  of  g r a v i t y ,  shape ,  and p r e s s u r e  g r a -  
d i e n t s .  
was h e l d  c o n s t a n t  a s  was t h e  f r e e  s t r eam t u r b u l e n c e ;  
F o r  convenience  t h e  i n i t i a l  body t e m p e r a t u r e  
a l t h o u g h  t h e  e f f e c t  o f  vary ing  t h e  l a t t e r  was i n v e s t i -  
g a t e d  b r i e f l y .  The remaining items i n  t h e  l i s t  a r e  
governed  by t h e  a i r  v e l o c i t y ,  t h e  a i r  t e m p e r a t u r e ,  and 
t h e  m a t e r i a l  p r o p e r t i e s ,  which t h u s  became t h e  v a r i -  
a b l e s  i n  t h i s  exper iment .  To accomplish t h e  o b j e c -  
t i v e s ,  t h e n ,  a wind t u n n e l  f a c i l i t y  was r e q u i r e d  w i t h  
b o t h  v e l o c i t y  and t e m p e r a t u r e  c o n t r o l ;  w h i l e  a s e l e c -  
t i o n  of  d i f f e r e n t  t y p e s  o f  m a t e r i a l s  w i t h  va ry ing  p ro -  
p e r t i e s  was needed f o r  t h e  t h i r d  v a r i a b l e .  S e p a r a t e  
s t u d y  of each p r o p e r t y  and v a r i a b l e  was n o t  i n t ended  
,because  of t h e  l a r g e  number of t e s t s  r e q u i r e d .  
t h e  d i m e n s i o n l e s s  r a t i o s  or groups  of  t h e  t y p ?  ssgcjes- 
t e d  by O s t r a c h  and McConnell (25) were i n t e n d e d  t o  
I n s t e a d ,  
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p r o v i d e  a b a s i s  f o r  s y s t e m a t i c  s t u d y  o f  t h e  r e s u l t s .  
As t h i s  p r o j e c t  proceeded,  t h e  c o n c u r r e n t  work by 
Chen (26) provided  a d d i t i o n a l  d e t a i l s  f o r  t h i s  
approach.  
CHAPTER 111 
TEST FACILITIES AND INSTRUMENTATION - -
M a t e r i a l s  t o  b e  me l t ed  --
The pr ime f a c t o r  govern ing  t h e  c h o i c e  o r  d e s i g n  
o f  a s u i t a b l e  wind t u n n e l  was t h e  r a n g e  of  s o f t e n i n g  
t e m p e r a t u r e s  of  t h e  m a t e r i a l s  t o  be melted.  To avoid  
t h e  need f o r  an e l a b o r a t e  h igh  t e m p e r a t u r e  f a c i l i t y ,  
m a t e r i a l s  w i t h  low m e l t i n g  p o i n t s  were p r e f e r r e d ;  and 
p r e l i m i n a r y  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  t h e r e  a r e  sev -  
e r a l  t y p e s  which have  s o f t e n i n g  p o i n t s  n e a r  room temper-  
ature acd ~ h i c h  e x h i b i t .  a s t e a d i l y  i n c r e a s i n g  v i s c o s i t y  
w i t h  d e c r e a s i n g  t e m p e r a t u r e  r a t h e r  t h a n  a d i s t i n c t  melt-  
i n g  p o i n t .  Those which were s u i t a b l e  i n c l u d e d  a s p h a l t s ,  
pe t ro l eum o i l s ,  v e g a t a b l e  o i l s ,  g l y c e r o l ,  c e r t a i n  poly-  
mer r e s i n s ,  and s i l i c o n e  f l u i d s .  U l t i m a t e l y  8 d i f f e r -  
e n t  m a t e r i a l s  were used  i n c l u d i n g  5 f o r  t h e  a c t u a l  melt- 
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i n g  tes ts .  T a b l e  1 c o n t a i n s  a l i s t  of  t h e  m a t e r i a l s  
u sed  t o g e t h e r  w i t h  t h e i r  p h y s i c a l  p r o p e r t i e s .  The v i s -  
c o s i t y - t e m p e r a t u r e  p r o f i l e s  a r e  g i v e n  i n  f i g u r e s  1 and 2. 
Thanks a r e  due t o  t h e  S t a n d a r d  O i l  Company and t h e  
Lawte r  Chemical  Company f o r  a i d  g i v e n  i n  t h e  form of 
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F i g u r e  1--Viscosity-Temperature Profiles--Pen 50 




F i g u r e  2-- Viscosity-Temperature P r o f  iles--20 W O i l  and  
G l y c e r o l .  
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p r o p e r t i e s .  Where i n f o r m a t i o n  was n o t  a v a i l a b l e ,  d i r e c t  
measurements were o b t a i n e d  us ing  methods d e s c r i b e d  i n  
C h a p t e r  I V .  
Wind t u n n e l  -
For t h e  a v a i l a b l e  m a t e r i a l s  it appeared  t h a t  a 
maximum a i r  t e m p e r a t u r e  of  200°F would b e  adequa te  f o r  
m e l t i n g .  S i n c e  h i g h  t e m p e r a t u r e s  were n o t  needed ,  an 
e x i s t i n g  o p e n - c i r c u i t  wind t u n n e l  i n  t h e  Case  Aerody- 
namics and P r o p u l s i o n  l a b o r a t o r y  was used  i n  conjunc-  
t i o n  w i t h  a f i n n e d - t u b e  t y p e  s team h e a t e r .  The f l o w  i n  
t h i s  t u n n e l  i s  g e n e r a t e d  by a J o y  Manufactur ing Company 
a x i a l - f l o w  f a n  c a p a b l e  of g e n e r a t i n g  a i r  v e l o c i t i e s  from 
0 t o  125 f e e t  p e r  second a t  t h e  t e s t  s e c t i o n .  A v e r n i e r  
c o n t r o l ,  a c t i n g  t o  vary t h e  speed nf a DC d r i v e  motor ,  
p e r m i t s  v e l o c i t y  ad jus tment  t o  w i t h i n  a f r a c t i o n  o f  one 
p e r c e n t .  The t e s t  s e c t i o n  i s  28 i n c h e s  s q u a r e  and i s  
a c c e s s i b l e  t h r o u g h  a 20-inch s q u a r e  door .  
To r e d u c e  t h e  amount o f  h e a t  r e q u i r e d ,  o n l y  one 
q u a r t e r  of  t h e  c r o s s  s e c t i o n  (14 i n c h e s  s q u a r e )  was 
used  f o r  t e s t i n g .  Plywood d i v i d e r s  were i n s t a l l e d  
t h r o u g h  t h e  l e n g t h  of  t h e  t u n n e l  t o  i s o l a t e  t h e  q u a r t e r  
s e c t i o n ,  and two d o o r s  were i n c o r p o r a t e d  so  t h a t  a i r  
f l o w  c o u l d  be d i v e r t e d  around t h e  t e s t  s e c t i o n  w h i l e  
t h e  t u n n e l  was i n  o p e r a t i o n .  F i g u r e  3 r e p r e s e n t s  t h e  




By u s i n g  t h e  bypass  a r rangement ,  it was p o s s i b l e  
t o  p r e p a r e  t h e  model o u t s i d e  t h e  t u n n e l  w h i l e  t h e  t u n n e l  
v e l o c i t y  and t e m p e r a t u r e  were b rough t  t o  e q u i l i b r i u m .  
The bypass  d o o r s  were t h e n  s h i f t e d  t o  r e - d i r e c t  t h e  
h e a t e d  a i r  t o  t h e  unhea ted  p a r t  o f  t h e  t u n n e l  w h i l e  t h e  
model was be ing  t r a n s f e r r e d  from a t h e r m a l  b a t h  t o  t h e  
t e s t  a r e a .  Af te r  clamping t h e  model i n  p l a c e ,  it was 
p o s s i b l e  t o  s t a r t  t h e  t e s t  i n s t a n t l y  by s i m u l t a n e o u s l y  
opening t h e  d o o r s  and s t a r t i n g  t h e  timer. 
H e a t i n q  system 
Two s t a n d a r d  A e r o f i n  t y p e  82 steam h e a t i n g  c o i l s  
were used  t o  h e a t  t h e  a i r  e n t e r i n g  t h e  t e s t  q u a d r a n t  
of  t h e  t u n n e l .  
s e c t i o n a l  a r e a  of  s l i g h t l y  more t h a n  4 f e e t  by 4 f ee t .  
S i n c e  t h e  q u a d r a n t  a t  t h e  t u ~ n e l  i n l e t  i s  49 i n c h e s  
s q u a r e ,  it was p o s s i b l e  t o  p l a c e  t h e  c o i l s  d i r e c t l y  i n  
f r o n t  o f  t h e  i n l e t  s c r e e n s .  A mixing chamber was added 
l a t e r  between t h e  h e a t e r  and t h e  s c r e e n s  a f t e r  d i f f i -  
c u l t i e s  were encoun te red  wi th  non-uniform t e m p e r a t u r e  
d i s t r i b u t i o n .  
These u n i t s  t o g e t h e r  c o v e r  a c r o s s -  
Steam was chosen because  of  t h e  l a r g e  amount o f  
A t e m p e r a t u r e  of  200 OF a t  t h e  t h r o a t  h e a t  r e q u i r e d .  
w i t h  a v e l o c i t y  of  100 f e e t  p e r  second r e q u i r e s  a h e a t  
i n p u t  of n e a r l y  1,000,000 BTLJ p e r  h o u r ,  which i s  equa l  




p r o p u l s i o n  b u i l d i n g  i n  mid-winter .  
n o t  a v a i l a b l e  i n  s u f f i c i e n t  amounts, and g a s  f i r e d  
u n i t s  were avoided  because  of g r e a t e r  complexi ty .  
Steam condensing c o i l s  can  r e a d i l y  c o n v e r t  t h i s  amount 
of energy  i f  adequate  s team f low and p r e s s u r e  a r e  
a v a i l a b l e .  The s team supp ly  i n  t h e  p r o p u l s i o n  l a b o r -  
a t o r y  i s  50 p s i ,  which co r re sponds  t o  a s a t u r a t i o n  
t e m p e r a t u r e  o f  281°F; t h e r e f o r e  it would be p o s s i b l e  
t o  o b t a i n  t e m p e r a t u r e s  i n  excess  of 200°F by p a s s i n g  
t h e  a i r  t h rough  s e v e r a l  banks of c o i l s  and c o u n t e r -  
f l owing  t h e  steam. I n  t h e  a c t u a l  t es t s  o n l y  two rows 
of c o i l s  were used w i t h  a maximum a i r  t e m p e r a t u r e  o u t -  
p u t  o f  abou t  180°F a t  50 f e e t  p e r  second,  which proved 
t o  be t h e  l i m i t  f o r  t h e  p r e s e n t  t e s t s .  
a t u r e  t h e  p l a s t i c  t u n n e l  windows began t o  s o f t e n ,  and 
h i g h e r  v a l u e s  would r e q u i r e  a d i f f e r e n t  f a c i l i t y .  
E l e c t r i c  power was 
A t  t h i s  temper- 
Temperature  c o n t r o l  was o b t a i n e d  w i t h  a Robertshaw- 
F u l t o n  t h e r m o s t a t i c a l l y  c o n t r o l l e d  v a l v e  i n  t h e  s team 
s u p p l y  l i n e  a c t u a t e d  by a i r  p r e s s u r e  th rough  a propor-  
t i o n a l  t empera tu re - sens ing  u n i t  p l aced  beh ind  t h e  p l a t e  
i n  t h e  f r ee  s t ream.  With t h i s  system t h e  t e m p e r a t u r e  
i n  t h e  t e s t  s e c t i o n  was c o n t r o l l a b l e  w i t h i n  +l°F - and 
c o u l d  be b rough t  t o  e q u i l i b r i u m  i n  abou t  10-15 minutes .  
.As can  be s e e n  i n  f i g u r e  4 ,  t h e  s e n s i n g  b u l b  was p l aced  
w i t h i n  t h e  s e c t i o n  between t h e  bypass  d o o r s  where it 
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i n  t h e  bypass  p o s i t i o n .  As a r e s u l t  t h e  b u l b  t ended  t o  
c o o l  s l i g h t l y  w h i l e  t h e  model was be ing  t r a n s f e r r e d  
i n t o  t h e  t u n n e l ,  and t h e  system t e m p e r a t u r e  t ended  t o  
r i s e  i n  response .  Loading time was abou t  30 seconds  
d u r i n g  which t h e  t e m p e r a t u r e  r o s e  about  5-7'F a t  low 
t e m p e r a t u r e s  and about  2'F a t  h i g h e r  t e m p e r a t u r e s .  
Af t e r  t h e  a i r  was t u r n e d  back on ,  about  15-60 seconds 
were r e q u i r e d  b e f o r e  t h e  ove r shoo t  was e l i m i n a t e d .  
R e l o c a t i o n  of  t h e  b u l b  was not  p o s s i b l e  w i t h o u t  p l a c i n g  
it upstream from t h e  model where it would c r e a t e  an 
u n d e s i r a b l e  d i s t u r b a n c e .  The e f f e c t s  of  t h i s  v a r i a t i o n  
a r e  f e l t  t o  be  n e g l i g i b l e  and a r e  d i s c u s s e d  i n  Chap te r  
I V  w i t h  t h e  results. 
Test p l a t e  -
The c;e.n.er=rl c o n f i g u r a t i o n  of t h e  p l a t e  model used 
f o r  t h e  t e s t s  i s  shown i n  f i g u r e  5. It c o n s i s t e d  of a 
f l a t  p i e c e  of  ItGI@ g r a d e  a c r y l i c  (methyl  m e t h a c r y l a t e )  
p l a s t i c  a i n c h e s  t h i c k ,  15 i n c h e s  l o n g ,  10 i n c h e s  wide,  
tapered a t  t h e  l e a d i n g  end,  and f i t t e d  w i t h  a s teel  k n i f e  
edge ex tend ing  1 i n c h  beyond t h e  p l a s t i c .  Except  f o r  a 
m i l l e d  pocke t  10 i n c h e s  long ,  7 i n c h e s  wide,  and 1 i n c h  
d e e p  which c o n t a i n e d  t h e  m a t e r i a l  t o  b e  m e l t e d ,  t h e  t o p  
s u r f a c e  o f  t h e  p l a t e  was p e r f e c t l y  f l a t .  
r i a l  was c a s t  i n  p l a c e  by pour ing  it i n t o  t h e  l e v e l e d  
p l a t e  u n t i l  it was even with t h e  p l a t e  s u r f a c e .  
The mel ted  mate- 
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The p l a t e  assembly r e s t e d  i n  t h e  t u n n e l  on a n o t h e r  
matching p l a t e  c o n t a i n i n g  a l a y e r  of c rushed  i c e .  The 
l a y e r  of i c e  p l u s  t h e  s t a g n a n t  a i r  space  between t h e  
lower  and upper  p l a t e s  served t o  i n s u l a t e  t h e  lower s u r -  
f a c e  of t h e  a b l a t i o n  model from t h e  h e a t e d  a i r .  When 
i n  t e s t  p o s i t i o n ,  t h e  t o p  s u r f a c e  of t h e  p l a t e  c o i n c i d e d  
w i t h  t h e  h o r i z o n t a l  c e n t e r l i n e  of  t h e  h e a t e d  q u a d r a n t  
of  t h e  t u n n e l .  
The t r a i l i n g  edge of t h e  lower  p l a t e  was f i t t e d  
w i t h  a nar row t r o u g h  a c r o s s  i t s  e n t i r e  wid th  t o  c o l l e c t  
t h e  mel ted  m a t e r i a l .  
m a t e r i a l  would f l o w  t o  t h e  r e a r  edge o f  %he p l a t e  and 
t h e n  f o l l o w  t h e  v e r t i c a l  back edge downward t o  t h e  
t r o u g h ,  which i n  t u r n  was d r a i n e d  i n t o  a c o n t a i n e r  on 
t h e  f l o o r  of t h e  t u n n e l .  Very l i t t l e  m a t e r i a l  was l o s t  
i n t o  t h e  t u n n e l  d u r i n g  t e s t i n g  w i t h  t h i s  system. 
It was found t h a t  t h e  a b l a t i n g  
The p l a t e  d e s i g n  u s e d  was t h e  one s e l e c t e d  a f t e r  
t r y i n g  s e v e r a l  a l t e r n a t i v e  t y p e s .  The ones  r e j e c t e d  
a r e  d i s c u s s e d  i n  C h a p t e r  I V  a s  p a r t  of t h e  p r e l i m i n a r y  
t es t s .  
C o o l i n q  - b a t h  
To ex tend  t h e  u s a b l e  r a n g e  of m a t e r i a l s  and t o  
f a c i l i t a t e  c o o l i n g  t h e  melted m a t e r i a l  a f t e r  c a s t i n g  it 
i n t o  t h e  p l a t e ,  an i s o p r o p y l  a l c o h o l  b a t h  was used  w i t h  
powdered d r y  i ce  a s  t h e  r e f r i g e r a n t .  A meta l  t a n k  
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f i t t e d  i n t o  a l a r g e  expanded p l a s t i c  p i c n i c  c o o l e r  
s e r v e d  a s  an i n s u l a t e d  c o n t a i n e r .  Temperature  a d j u s t -  
ments were made by adding more d r y  i c e  o r  warm a l c o h o l  
a s  r e q u i r e d .  To e l i m i n a t e  one more v a r i a b l e ,  a l l  t es t s  
were begun w i t h  t h e  p l a t e  a t  -3OoF, which was adequa te  
t o  s o l i d i f y  a l l  o f  t h e  m a t e r i a l s  u sed .  
S i n c e  most o f  t h e  m a t e r i a l s  used a r e  r e l a t i v e l y  
i n s o l u b l e  i n  i s o p r o p y l  a l c o h o l ,  e s p e c i a l l y  a t  low temp- 
e r a t u r e s ,  l i t t l e  problem was encoun te red  w i t h  contami-  
n a t i o n  o f  t h e  m e l t i n g  s u r f a c e .  However t h e  g l y c e r o l  
u sed  i s  v e r y  s o l u b l e  i n  a l c o h o l ,  and a c c i d e n t a l  con- 
t a m i n a t i o n  e v e n t u a l l y  n e c e s s i t a t e d  r ’ e j e c t i n g  two o f  
t h e  t es t s  i n v o l v i n g  t h i s  m a t e r i a l .  
All m a t e r i a l s  w i t h  t h e  e x c e p t i o n  o f  g l y c e r o l  
were t o t a l l y  immersed i n  t h e  a l c o h o l  ( a f t e r  t h e y  had 
s o l i d i f i e d )  t o  speed  t h e  a t t a i n m e n t  o f  e q u i l i b r i u m .  
I n i t i a l  s o l i d i f i c a t i o n  f o r  a l l  m a t e r i a l s  was o b t a i n e d  
by having  t h e  lower  s u r f a c e  of  t h e  p l a t e  i n  c o n t a c t  
w i t h  t h e  c o l d  a l c o h o l  a s  t h e  me l t ed  m a t e r i a l  was added. 
A s u p p o r t i n g  r a c k  equipped  w i t h  l e v e l i n g  screws p e r -  
m i t t e d  p r e c i s e  c a s t i n g  o f  t h e  specimens d i r e c t l y  i n  
t h e  b a t h .  
Due t o  t h e  low the rma l  c o n d u c t i v i t y  o f  b o t h  t h e  
p l a s t i c  p l a t e  and t h e  a b l a t i o n  m a t e r i a l s ,  app rox ima te ly  
3 h o u r s  were r e q u i r e d  t o  c a s t  and b r i n g  a specimen t o  
t h e r m a l  e q u i l i b r i u m  i n  t h e  a g i t a t e d  b a t h .  I n  t h e  c a s e  
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of g l y c e r o l ,  which cou ld  n o t  be immersed t o t a l l y ,  o v e r  
6 h o u r s  were needed t o  b r i n g  t h e  whole specimen t o  
e q u i l i b r i u m .  
As t h e  p l a t e  was t r a n s f e r r e d  t o  t h e  t u n n e l ,  most 
o f  t h e  a l c o h o l  remain ing  on t h e  s u r f a c e  d r a i n e d  o f f .  
The remain ing  a l c o h o l  was swept o f f  w i t h i n  t h e  f i r s t  
minute  o r  l e s s  a f t e r  t h e  a i r  was t u r n e d  on. 
I n s t r u m e n t a t i o n  
To f o l l o w  t h e  p l a n  o u t l i n e d  i n  C h a p t e r  11, t h e  
f o l l o w i n g  measurements were deemed necessa ry :  
1. A i r  v e l o c i t y  
2. A i r  t e m p e r a t u r e  
3.  A i r  t u r b u l e n c e  
4.  L i q u i d  i n t e r f a c e  v e l o c i t y  
5. I n t e r f a c e  t e m p e r a t u r e  
6. Tempera ture  p r o f i l e s  w i t h i n  t h e  body 
7. Wave v e l o c i t y  
8. ?lave s p a c i n g  
9. Wave ampl i tude  
10. E lapsed  time 
The i n s t r u m e n t a t i o n  used  t o  measure t h e s e  q u a n t i t i e s  i s  
shown i n  f i g u r e  4. A i r  v e l o c i t y  was h e l d  c o n s t a n t  f o r  
a g i v e n  t e s t  and was measured by means o f  a &- inch  
d i a m e t e r  P i t o t - s t a t i c  t u b e  connec ted  t o  a 30- inch  Cox 
d i f f e r e n t i a l  micro-manometer r e a d i n g  t o  0.001 i n c h e s  
and f i l l e d  w i t h - o i l  having  a s p e c i f i c  g r a v i t y  o f  0.827. 
The t u b e  was a t t a c h e d  t o  a t r a v e r s e  mechanism t o  pe rmi t  
t h e  p r e l i m i n a r y  su rvey  o f  v e l o c i t y  p r o f i l e s  i n  t h e  t u n -  
n e l .  D u r i n g , t e s t s  t h e  t i p  o f  t h e  t u b e  was l o c a t e d  p e r -  
manent ly  3% i n c h e s  above t h e  t o p  of  t h e  p l a t e  and 10 
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i n c h e s  behind  t h e  p l a t e  l e a d i n g  edge.  
s u r e  was o b t a i n e d  from a s t a n d a r d ,  temperature-compen- 
s a t e d  mercury ba romete r  l o c a t e d  i n  t h e  l a b o r a t o r y .  
Ba romet r i c  p r e s -  
The a i r  t e m p e r a t u r e  was moni tored  c o n t i n u o u s l y  
t o  t h e  n e a r e s t  1°F w i t h  a mercu ry - in -g la s s  thermometer  
l o c a t e d  3 i n c h e s  behind  and 4 i n c h e s  above t h e  p l a t e  
on t h e  v e r t i c a l  c e n t e r  l i n e  of t h e  t u n n e l .  The p re - .  
l i m i n a r y  t e m p e r a t u r e  d i s t r i b u t i o n  was o b t a i n e d  w i t h  
s e v e r a l  thermometers  a t  v a r i o u s  l o c a t i o n s  i n  t h e  
t u n n e l  c r o s s - s e c t i o n .  
Turbu lence  measurements were o b t a i n e d  u s i n g  a 
DISA c o n s t a n t - t e m p e r a t u r e ,  ho t -wi re  p e m o m e t e r  i n  con- 
j u n c t i o n  w i t h  a Hewlet t -Packard o s c i l l o s c o p e  , which was 
used  f o r  c a l i b r a t i o n  and s t u d y  o f  t u r b u l e n c e  forms .  
TQ r e c o r d  i n f o r m a t i o n  about  wave v e l o c i t y  and 
s p a c i n g ,  a 16-millimeter movie camera w i t h  a 100- foo t  
magazine was mounted o u t s i d e  t h e  t r a n s p a r e n t  t u n n e l  
d o o r  f a c i n g  t h e  p l a t e  from t h e  s i d e  and t o p .  S c a l e s  
mounted a long  t h e  p l a t e  edges p rov ided  l e n g t h  r e f e r e n c e  
t o  t h e  n e a r e s t  1/16 of  an i n c h ;  w h i l e  a d i g i t a l  timer 
r e a d i n g  t o  0.1 second i n  view of  t h e  camera p rov ided  
t h e  time r e f e r e n c e .  
I n i t i a l l y  it was hoped t h a t  l i q u i d  v e l o c i t y  cou ld  
. a l s o  be de te rmined  by i n t r o d u c i n g  s m a l l  p a p e r  c h i p s  on 
t h e  l i q u i d  s u r f a c e  and photographing  t h e i r  p r o g r e s s .  
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remain ing  5 were p l a c e d  f l u s h  w i t h  t h e  o r i g i n a l  specimen 
s u r f a c e  a t  d i s t a n c e s  of 1, 3 ,  5,  7 ,  and 9 i n c h e s  from 
t h e  f r o n t  of  t h e  c a v i t y .  S m a l l  p l a s t i c  s u p p o r t s  were 
used  t o  s u p p o r t  and anchor  t h e  thermocouples  s i n c e  p l a s -  
t i c  h a s  a t he rma l  c o n d u c t i v i t y  o f  t h e  same o r d e r  of mag- 
n i t u d e  a s  t h e  m e l t i n g  m a t e r i a l s .  
To minimize t h e  e r r o r s  caused  by t h e r m a l  conduc- 
t i o n  a long  t h e  thermocouple  w i r e ,  t h e  j u n c t i o n s  were 
l o c a t e d  1 i n c h  ahead of  and a t  t h e  same l e v e l  a s  t h e  
s u p p o r t  p o i n t .  S i n c e  t h e  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  
h o r i z o n t a l  d i r e c t i o n  a r e  very  s m a l l  compared t o  t h e  
v e r t i c a l  g r a d i e n t s ,  t h i s  method s e r v e d  t o  minimize con- 
d u c t i o n  by m a i n t a i n i n g  t h e  immediate connec t ing  wire  a t  
t h e  same t e m p e r a t u r e  a s  t h e  j u n c t i o n .  
The thermocouple  l e a d s  were passed  th rough  t h e  
back edge of  t h e  p l a t e ,  th rough t h e  t u n n e l  w a i l ,  and t u  
a r o t a r y  thermocouple  s e l e c t o r  s w i t c h .  A sma l l  Dc motor 
was used  t o  r o t a t e  t h e  swi t ch  s l o w l y  so  t h a t  each  thermo- 
c o u p l e  was connec ted  i n  r e p e a t i n g  sequence  t o  an i c e -  
p o i n t  r e f e r e n c e  and a Minneapolis-Honeywell  r e c o r d e r .  
Thus ,  t h e  o u t p u t  o f  each  thermocouple  was r e c o r d e d  a t  
i n t e r v a l s  o f  abou t  one m i n u t e  on an 11 - inch  s t r i p  c h a r t  
w i t h  a f u l l - s c a l e  r ange  of 4.00 m i l l i v o l t s  o r  169'F. 
The thermocouple  r e a d i n g s  were synchron ized  w i t h  t h e  
f i l m  t imer by marking t h e  s t r i p  c h a r t  when t h e  t imer  
was s t a r t e d .  
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Thermocouple r e a d i n g s  were used  b o t h  f o r  measuring 
t e m p e r a t u r e  d i s t r i b u t i o n  du r ing  m e l t i n g  and f o r  d e t e r -  
mining when e q u i l i b r i u m  had been o b t a i n e d  i n  t h e  c o o l i n g  
b a t h .  
The d a t a  f o r  each  t e s t ,  t h e n ,  c o n s i s t e d  of manual 
r e c o r d s  o f  t u n n e l  dynamic and s t a t i c  p r e s s u r e ,  baromet-  
r i c  p r e s s u r e ,  a i r  t e m p e r a t u r e ,  a i r  t u r b u l e n c e ,  wave 
a m p l i t u d e ,  i n i t i a l  p l a t e  t e m p e r a t u r e ,  and m a t e r i a l  t y p e .  
The remain ing  measurements were t a k e n  from t h e  motion 
p i c t u r e  f i l m s  and t h e  t e m p e r a t u r e  s t r i p  c h a r t s .  
CHAPTER IV 
CALIBRATION AND -PRELIMINARY TESTS 
Tunnel C a l i b r a t i o n  
A f t e r  t h e  t u n n e l  had been modi f ied  by a d d i t i o n  
o f  plywood d i v i d e r s ,  v e l o c i t y  s u r v e y s  were performed 
i n  t h e  t e s t  s e c t i o n  t o  de te rmine  i f  t h e  s e c t i o n i n g  had 
produced any i r r e g u l a r i t i e s  i n  t h e  f low.  Four  v e r t i c a l  
and t h r e e  h o r i z o n t a l  t r a v e r s e s  were t a k e n  w i t h  t h e  
P i t o t - s t a t i c  t u b e .  
i n t e r v a l s  produced t h e  map shown i n  f i g u r e  7. 
a t i o n s  from t h e  mean f r e e - s t r e a m  v e l o c i t y  amounted t o  
- +1% o r  less t o  w i t h i n  i inch  of t h e  wills excep t  on t h e  
s i d e  where t h e  d o o r  was. Here t h e  e f f e c t  o f  t h e  w a l l  
ex tended  1% t o  2 i n c h e s  i n t o  t h e  s t r eam.  
a d d i t i o n  of t u r b u l e n c e  s c r e e n s  and t h e ,  f i n n e d - t u b e  
V e l o c i t y  measurements a t  &inch  
The d e v i -  
Subsequent  
h e a t e r  improved t h e  v e l o c i t y  d i s t r i b u t i o n  somewhat. 
F i n a l  checks  w i t h  t h e  p l a t e  and a l l  m o d i f i c a t i o n s  i n  
p l a c e  i n d i c a t e d  t h a t  t h e  p r o f i l e s  were a t  l e a s t  a s  
good a s  t h o s e  shown i n  f i g u r e  7 ,  which were judged t o  
b e  a c c e p t a b l e  f o r  t h e  p r e s e n t  t e s t s .  The model and 
sample o u t l i n e s  a r e  shown on t h e  map, and it can  be  
seen t h a t  t h e  m e l t i n g  m a t e r i a l  i s  w e l l  removed from 
.. 33 
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t h e  w a l l  e f f e c t s .  
The p l a t e  was i n s t a l l e d  i n  t h e  t u n n e l  w i t h  i t s  
t o p  s u r f a c e  7 i n c h e s  from t h e  f l o o r  o r  on t h e  h o r i z o n -  
t a l  c e n t e r  l i n e  o f  t h e  t e s t  s e c t i o n .  I n i t i a l  tests 
u s i n g  smoke i n j e c t e d  a t  t h e  same l e v e l  ups t ream from 
t h e  l e a d i n g  edge r e v e a l e d  t h a t  t h e  t o t a l  mass flow was 
n o t  d i v i d i n g  even ly  a s  it passed  t h e  p l a t e .  S i n c e  t h e  
lower  s e c t i o n  of  t h e  p l a t e  c o n t a i n i n g  t h e  m a t e r i a l  
pocke t  and t h e  i c e  b a t h  t o g e t h e r  w i t h  t h e  mobnting 
s t r u t s  c r e a t e d  c o n s i d e r a b l e  r e s t r i c t i o n  i n  t h e  lower  
h a l f  o f  t h e  t u n n e l ,  more t h a n  h a l f  o f  t h e  mass f l o w  
passed  o v e r  t h e  t o p  of  t h e  p l a t e .  As a r e s u l t  t h e  
s t r e a m l i n e s  were d e f l e c t e d  upward w h i l e  i n  t h e  r e g i o n  
of t h e  p l a t e  c a u s i n g  a f l o w  p a t t e r n  s i m i l a r  t o  f l u i d  
f iowiny  over  a p l a t e  i n c l i n e d  t o  t h e  oncoming s t r eam.  
The t o p  s u r f a c e  o f  t h e  p l a t e  was s u b j e c t e d  t o  an eddy- 
i n g  wake f l o w  r a t h e r  t h a n  p a r a l l e l  f low.  To c o r r e c t  
t h i s  c o n d i t i o n ,  t h e  f l o o r  of t h e  t u n n e l  ahead o f  t h e  
p l a t e  was r a i s e d  u n t i l  t h e  mass f l o w  between t h e  f l o o r  
and t h e  c e n t e r  of t h e  t u n n e l  was e x a c t l y  e q u a l  t o  t h a t  
p a s s i n g  unde r  t h e  p l a t e  (see f i g u r e  4 ) .  Consequen t ly ,  
t h e  f l o w  i n  t h e  u p p e r  h a l f  o f  t h e  t u n n e l  was e x a c t l y  
t h e  amount p a s s i n g  o v e r  t h e  t o p  o f  t h e  p l a t e ,  and 
' d e f l e c t i o n  of  t h e  s t r e a m l i n e s  was e l i m i n a t e d .  C o a r s e  
a d j u s t m e n t  o f  t h i s  f a l s e  f l o o r  was accomplished by 
t r i a l  and e r r o r  u s i n g  t h e  smoke i n j e c t o r .  Smoke f e d  
'. 
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i n t o  t h e  s t r e a m  ahead of t h e  l e a d i n g  adge a t  p l a t e  
l e v e l  d i v i d e d  e v e n l y  a t  t h e  k n i f e  edge when p r o p e r  
ad jus tmen t  was o b t a i n e d .  A second check was o b t a i n e d  
u s i n g  t h e  h o t - w i r e  anemometer p l aced  i n  t h e  p l a t e  boun- 
d a r y  l a y e r  j u s t  behind  t h e  l e a d i n g  edge. A s  t h e  f a l s e  
f l o o r  was lowered ,  t h e  t u r b u l e n c e  would i n c r e a s e  sud- 
d e n l y  when t h e  wake appeared .  F i n a l  ad jus tmen t  was 
completed by r a i s i n g  t h e  f l o o r  u n t i l  t h e  wake j u s t  d i s -  
appeared .  Some s l i g h t  r e a d j u s t m e n t  was n e c e s s a r y  f o r  
each  s t r e a m  v e l o c i t y  used  s i n c e  t h e  d i f f e r e n c e  i n  resis-  
t a n c e  t o  flow o v e r  and u n d e r  t h e  p l a t e  v a r i e s  w i t h  t h e  
Reynolds  number. 
When t h e  s team h e a t e r  c o i l s  were i n i t i a l l y  i n -  
s t a l l e d ,  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  f l o w  proved 
t o  be Very - -a+ ic .  L A * - . - -  The problem was remedied by i n s e r t -  
i n g  a b a f f l e d  chamber between t h e  h e a t e r  and t h e  t u r b u -  
l e n c e  s c r e e n s  which caused  t h e  h e a t e d  a i r  t o  m i x  t h o r -  
o u g h l y  b e f o r e  e n t e r i n g  t h e  t u n n e l .  Af te r  t h i s  mod i f i -  
c a t i o n ,  t h e  maximum v a r i a t i o n  a c r o s s  t h e  t e s t  s e c t i o n  
was +2'F, - w h i l e  t h e  v a r i a t i o n  a t  a g i v e n  p o i n t  was + l ° F .  - 
E f f e c t  - o f  v a r y i n q  t u r b u l e n c e  l e v e l  
A s  ment ioned e a r l i e r ,  a DISA h o t - w i r e  anemometer 
was used  t o  measure t u r b u l e n c e  i n  t h e  t u n n e l .  I n i t i a l l y  
t h e  t u n n e l  produced a t u r b u l e n c e  l e v e l  of  abou t  1.2 t o  
1.4% u n i f o r m i y  a c m s s  t h e  t e s t  s e c t i o n - - v a l u e s  which 
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v a r i e d  o n l y  s l i g h t l y  a s  t h e  a i r  speed 'was  i n c r e a s e d .  
I n  an e f f o r t  t o  lower  t h e  l e v e l  o f  t u r b u l e n c e  i n t e n -  
s i t y ,  two 70-mesh s c r e e n s  were added ahead of t h e  e x i s -  
t i n g  s c r e e n s .  Although t h e  v a l u e  was lowered  t o  0.6%, 
it t h e n  became n e c e s s a r y  t o  use  t h e  mixing chamber f o r  
t h e  h e a t e r ,  which a g a i n  r a i s e d  t h e  l eve l  t o  about  1.6%. 
Using  r e f e r e n c e  (32) t o  p r e d i c t  t h e  number of s c r e e n s  
r e q u i r e d  i n d i c a t e d  t h a t  t o  r each  even t h e  p r e v i o u s  
l e v e l  o f  0.6% would r e q u i r e  s i x  o r  more s c r e e n s ,  which 
would s e r i o u s l y  hamper t h e  performance of  t h e  t u n n e l .  
I n  an a t t e m p t  t o  e v a l u a t e  t h e  need f o r  t u r b u l e n c e  
r e d u c t i o n ,  two i d e n t i c a l  a b l a t i o n  t e s t s  were performed 
on a r e s i n  t h a t  would mel t  below room t e m p e r a t u r e .  
S i n c e  h e a t  was n o t  needed,  it was p o s s i b l e  t o  o p e r a t e  
f i r s t  x i th  and t h e n  wi thou t  t h e  mixing chamber t h u s  
c r e a t i n g  two t u r b u l e n c e  l e v e l s ,  0.6% and 1.6%. The two 
tes t s  were compared w i t h  r e s p e c t  t o  t e m p e r a t u r e  d i s t r i -  
b u t i o n ,  wave ampl i tude ,  wave v e l o c i t y ,  and wave s p a c i n g .  
The r e s u l t s ,  which a r e  p l o t t e d  c o m p a r a t i v e l y  i n  f i g u r e s  
8 t h r o u g h  11, i n d i c a t e  t h a t  t h i s  change i n  t u r b u l e n c e  
i s  n o t  p a r t i c u l a r l y  s i g n i f i c a n t .  Two tes t s  c e r t a i n l y  
do  n o t  form a b a s i s  f o r  g e n e r a l  c o n c l u s i o n s ;  however 
t h e  r e s u l t s  were t a k e n  a s  an i n d i c a t i o n  t h a t  r educ ing  
' t h e  t u r b u l e n c e  from 1.6% t o  0.6% i s  of  l i t t l e  v a l u e  
and t h a t  comple te  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  of  t u r -  
b u l e n c e  w m l d  r e q u i r e  c o n t r o l l i n g  t h e  l e v e l  t o  a t r u l y  
*. 
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low value--0.1% o r  l ess .  S ince  such  a l e v e l  would have 
been v e r y  d i f f i c u l t  t o  o b t a i n  wi thou t  s e r i o u s l y  r e s t r i c -  
t i n g  t h e  performance o f  t h e  t u n n e l ,  it was dec ided  t h a t  
t h e  p r e s e n t  t e s t s  would be  c a r r i e d  o u t  a t  t h e  1.6% 
l e v e l  o f  t u r b u l e n c e .  
E f f e c t  _. of  v a r y i n q  p l a t e  c o n f i q u r a t i o n  
The c h o i c e  o f  p l a t e  c o n f i g u r a t i o n  was made a f t e r  
c o n s i d e r a b l e  work. The t h e o r e t i c a l l y  s i m p l e ,  f l a t ,  
t h i n  p l a t e  becomes imposs ib l e  i n  a m e l t i n g  p r o c e s s ;  it 
would s imply  m e l t  and v a n i s h  i n  a v e r y  s h o r t  time. 
A l t e r n a t e  approaches  might be: (1) a uni form l a y e r  o f ,  
a b l a t i v e  m a t e r i a l  on a f l a t ,  non-melt ing s u r f a c e ,  (2) a 
t a p e r i n g  l a y e r  on a f l a t  s u r f a c e ,  and (3) a pocket  o f  
* 
m a t e r i a l  sunken f l u s h  wi th  an o t h e r w i s e  c o n t i n u o u s l y  
f l a t  s u r f a c e .  
The second a l t e r n a t i v e  p r e s e n t s  a problem i n  t h a t  
i t  i n f e r s  t h e  e x i s t e n c e  o f  a wedge shaped l a y e r  o f  ma- 
t e r i a l  which must be  p l aced  e i t h e r  w i t h  i t s  o r i g i n a l  
s u r f a c e  p a r a l l e l  t o  t h e  f low or w i t h  t h e  s u r f a c e  i n -  
c l i n e d  so t h a t  t h e  suppor t ing  p l a t e  i s  p a r a l l e l  t o  t h e  
f l o w  ( a s  shown i n  f i g u r e s  12a and 1 2 b ) .  I n  e i t h e r  c a s e  
t h e r e  i s  no r e a s o n  t o  b e l i e v e  t h a t  e i t h e r  c o n f i g u r a t i o n  
w i l l  approximate  f l a t  p l a t e  f l o w  f o r  even a s h o r t  t i m e .  
The f i r s t  s u g g e s t i o n  seemed t o  o f f e r  p o s s i b i l i -  
t i e s  based  on t h e  t h e o r y  t h a t  t h e  b l u n t  l e a d i n g  edge o f  
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t h e  m e l t i n g  m a t e r i a l  would break  down r a p i d l y  and seek 
some s o r t  o f  n a t u r a l  shape  wi th  a g e n t l y  s l o p i n g  "ad- 
jus tment t*  r e g i o n  f o r  t h e  f low.  However, when a c t u a l l y  
t r i e d ,  t h i s  c o n f i g u r a t i o n  r e s u l t e d  i n  t h e  f o r m a t i o n  of 
a l a r g e  roll o f  p l a s t i c  m a t e r i a l  be ing  formed a s  t h e  
e n t i r e  l e a d i n g  edge a r e a  s t r i p p e d  away r a p i d l y  ( f i g u r e  
12c). Only a f t e r  t h e  had p r o g r e s s e d  o v e r  most 
of t h e  p l a t e  d i d  it s u b s i d e  i n t o  t h e  d e s i r e d  n a t u r a l  
s h a p e ,  and by t h e n  most of t h e  m a t e r i a l  was gone. 
a l t e r n a t i v e  was d i s c a r d e d  because  o f  t h e  u n p r e d i c t a b l e  
b e h a v i o r  of  t h e  m e l t i n g  l e a d i n g  edge. 
T h i s  
The t h i r d  a l t e r n a t i v e  was chosen ,  because  it 
e l i m i n a t e d  some of  t h e  d i f f i c u l t i e s  o f  t h e  o t h e r  two 
and more n e a r l y  appeared  t o  s i m u l a t e  f l a t  p l a t e  f low.  
P r e l i m i n a r y  t e s t s  r e v e a l e d  t h a t  m a t e r i a l  would meit 
f i r s t  from t h e  f r o n t  o f  t h e  pocke t  and t e n d  t o  accumu- 
. l a t e  toward t h e  r e a r  ( f i g u r e  1 2 d ) .  As s t e a d y  s t a t e  
a b l a t i o n  was r e a c h e d ,  t h e  shape of t h e  s u r f a c e  con- 
t a i n e d  a s l i g h t l y  d i shed-ou t  ho l low immedia te ly  be- 
h i n d  t h e  s o l i d  l e a d i n g  s u r f a c e  occupying t h e  f i r s t  
3 t o  4 i n c h e s  o f  t h e  pocket .  The remain ing  6 t o  7 
i n c h e s  o f  m a t e r i a l  had a r e l a t i v e l y  f l a t  s u r f a c e  covered  
w i t h  t h e  waves,  which t r a v e l e d  t h e  l e n g t h  of  t h e  p l a t e  
' f i n a l l y  washing o v e r  t h e  r e a r  w a l l  i n t o  t h e  o v e r f l o w  
t r o u g h .  The maximum deptn  o f  p e n e t r a t i o n  d u r i n g  t h e  
t e s t s  was abou t  i nch .  Beyond t h a t  p o i n t  t h e  wave 
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c h a r a c t e r  began t o  change n o t i c e a b l y  i n d i c a t i n g  t h a t  
t h e  change i n  s u r f a c e  con tour  was becoming s t r o n g l y  
s i g n i f i c a n t .  
T h i s  l a s t  p l a t e  d e s i g n  i s  o b v i o u s l y  n o t  a t r u e ,  
f l a t  m e l t i n g  s u r f a c e ;  b u t  i t  was chosen a s  r e p r e s e n t i n g  
t h e  b e s t  approximat ion  t o  t h e  d e s i r e d  shape .  
Measurement o f  m a t e r i a l  p r o p e r t i e s  -
One of t h e  more d i f f i c u l t  problems f a c e d  was ob- 
t a i n i n g  m a t e r i a l s  f o r  which a l l  r e q u i r e d  p h y s i c a l  p ro-  
p e r t i e s  were known. It soon became e v i d e n t  t h a t  most 
o f  t h e  d e s i r a b l e  m a t e r i a l s  d i d  n o t  f a l l  i n t o  t h i s  c a t e -  
g o r y .  R e f e r e n c e  33 provided  i n f o r m a t i o n  f o r  t h e  a s -  
p h a l t s  u s e d ,  and re ference  34 gave  t h e  v a l u e s  f o r  g l y -  
c e r o l ,  a l t h s u g h  nnt necessar i ly  a t  t h e  c o r r e c t  tempera-  
t u r e s .  
v a l u e s  f o r  t h e  o i l s  used.  A f t e r  g a t h e r i n g  t h e s e  a v a i l -  
a b l e  v a l u e s ,  t h e  f o l l o w i n g  p r o p e r t i e s  remained unknown: 
The S t a n d a r d  O i l  Company p rov ided  some o f  t h e  
1. D e n s i t y  f o r  t h e  r e s i n s  and f o r  t h e  o i l s  a t  
2. S p e c i f i c  h e a t  f o r  t h e  o i l s  and r e s i n s .  
3 .  Thermal c o n d u c t i v i t y  f o r  t h e  o i l s  and r e s i n s .  
4. V i s c o s i t y  p r o f i l e s  f o r  e v e r y t h i n g  e x c e p t  f o r  
g l y c e r o l  and one o f  t h e  o i l s .  
5. t lSo f t en ing t t  t e m p e r a t u r e  f o r  e v e r y t h i n g .  (I1Pour 
p o i n t  a s  quoted  f o r  some m a t e r i a l s  d i d  n o t  
appea r  t o  be  t h e  c o r r e c t  measure f o r  t h i s  
c o n d i t i o n . )  
g l y c e r o l .  
c e r t a i n  t e m p e r a t u r e s .  
6. S u r f a c e  t e n s i o n  f o r  a l l  m a t e r i a l s  excep t  
Complete ,  a c c u r a t e  measurement of t h e s e  remain ing  
q u a n t i t i e s  cou ld  have invo lved  a g r e a t  d e a l  of  t ime and 
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e f f o r t  i n  i t s e l f  u n l e s s  r e a s o n a b l e  t o l e r a n c e s  were 
accep ted .  It was dec ided  t h a t  measurements would be 
a t t empted  w i t h  a p e r m i s s a b l e  e r r o r  of 5% o r  l ess .  
The d e n s i t i e s  w e r e ’ o b t a i n e d  a t  two d i f f e r e n t  
t e m p e r a t u r e s  u s i n g  a s e t  o f  s t a n d a r d  f l o a t a t i o n  hydro-  
meters, which a r e  normal ly  a c c u r a t e  w i t h i n  a f r a c t i o n  
of one p e r  c e n t .  The p o s s i b i l i t y  f o r  some e r r o r  l i e s  
i n  t h e  f a c t  t h a t  some measurements were t a k e n  a t  temper- 
a t u r e s  o t h e r  t h a n  t h a t  a t  which t h e  hydrometers  were 
c a l i b r a t e d .  Values  of  d e n s i t y  a t  t e m p e r a t u r e s  o t h e r  
t h a n  t h e  measured p o i n t s  were o b t a i n e d  from a s t r a i g h t -  
l i n e  p l o t  c o n t a i n i n g  t h e  measured v a l u e s .  
V i s c o s i t i e s  were measured w i t h  a F i s h e r ,  Mac- 
Michael  t y p e ,  r o t a t i n g - c u p  v i scomete r .  When t h e  P r a n d t l  
number of t h e  sample i s  s m a l l  (when t h e  viscosity is 
small), it i s  p o s s i b l e  t o  o b t a i n  v a l u e s  c o r r e c t  t o  wi th -  
i n  1 t o  2% w i t h  t h i s  i n s t rumen t .  C a l i b r a t i o n  a g a i n s t  
N a t i o n a l  Bureau of S t a n d a r d s  o i l  samples v e r i f i e d  t h i s  
accu racy .  A t  l a r g e  v i s c o s i t i e s ,  however, t h e  accu racy  
s u f f e r s ,  because  it becomes i n c r e a s i n g l y  d i f f i c u l t  t o  
o b t a i n  uni form t e m p e r a t u r e  d i s t r i b u t i o n  w i t h i n  t h e  cup. 
Hea t  t r a n s f e r  depends l a r g e l y  on conduc t ion  r a t h e r  t h a n  
c o n v e c t i o n ,  and t h e s e  m a t e r i a l s  have c h a r a c t e r i s t i c a l l y  
slow the rma l  c o n d u c t i v i t i e s .  The problem was a ided  by 
t a k i n g  a number of measurements a t  v a r i o u s  t e m p e r a t u r e s  
and p l o t t i n g  t h e  r e s u l t s  on log - log  c o o r d i n a t e s .  A 
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s t r a i g h t  l i n e  f i t t e d  t o  t h e  p o i n t s  provided  t h e  neces-  
s a r y  v i s c o s i t y - t e m p e r a t u r e  r e l a t i o n .  It  i s  f e l t  t h a t  
t h e  f i n a l  r e s u l t  meets t h e  5% c r i t e r i o n .  
S p e c i f i c .  h e a t  was o b t a i n e d  by mixing known 
amounts o f  t h e  sample and o f  h o t  w a t e r  i n  a thermos 
b o t t l e  and measuring t h e  e q u i l i b r i u m  t empera tu re .  
h e a t  c o n t e n t  of  t h e  thermos and thermometer were ob- 
t a i n e d  f i r s t  by adding w a t e r  a l o n e .  
f i c  h e a t  was c a l c u l a t e d  by equa t ing  t h e  h e a t  g i v e n  up 
by t h e  w a t e r  t o  t h e  h e a t  absorbed by t h e  b o t t l e  and t h e  
sample.  I n i t i a l l y  t h i s  measurement proved t o  be  t h e  
most t roublesome.  Errors i n  t h e  measurement o f  known 
samples  ranged  a s  h i g h  as  15%. A f t e r  more c a r e f u l  C a l i -  
b r a t i o n  and some p r a c t i c e ,  it became p o s s i b l e  t o  keep 
t h e  e r r o r s  w e l l  w i t h i n  10% on i n d i v i d u a l  i e a d i n g s .  
F i n a l  v a l u e s  were t a k e n  t o  be t h e  ave rage  o f  3 tes ts  t o  
na r row t h e  e r r o r  t o  a c c e p t a b l e  l i m i t s .  
The 
The v a l u e  of s p e c i -  
Thermal c o n d u c t i v i t y  was measured by us ing  t h e  
p l a t e  model i t s e l f  w i t h  t h e  a d d i t i o n  o f  a me ta l  pan 
f i l l e d  w i t h  i c e  w a t e r  on t h e  t o p  s u r f a c e  of  t h e  s p e c i -  
men and an a d d i t i o n a l  thermocouple on t h e  under  s i d e  
o f  t h e  p l a t e  ( f i g u r e  13). I n  t h i s  arrangement  h e a t  
f lowed downward from t h e  i c e  w a t e r  b a t h ,  t h rough  t h e  
unknown sample,  t h rough  t h e  p l a s t i c  p l a t e ,  and i n t o  t h e  
a l c o h o l  b a t h .  S i n c e  t h e  p l a t e  was n e a r l y  10 times a s  
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d i r e c t i o n  was t a k e n  t o  be n e g l i g i b l e .  
c o u p l e s  p l aced  a t  t h e  s u r f a c e s  o f  t h e  sample and t h e  
p l a s t i c  a s  w e l l  a s  a t  t h e  i n t e r f a c e  provided  measure- 
ments o f  t e m p e r a t u r e  g r a d i e n t s  a c r o s s  each  l a y e r .  
Af t e r  e q u i l i b r i u m  had been o b t a i n e d ,  t h e  g r a d i e n t s  were 
measured; and s i n c e  t h e  thermal  c o n d u c t i v i t y  of  t h e  
p l a s t i c  was known, d i r e c t  c a l c u l a t i o n  o f  t h e  sample con- 
d u c t i v i t y  was p o s s i b l e  by equa t ing  t h e  h e a t  f l ows  
th rough  t h e  two l a y e r s .  
s u p p l i e d  by t h e  manufac turer  and v e r i f i e d  by c a l i b r a -  
t i o n  a g a i n s t  a known m a t e r i a l  ( g l y c e r o l ) .  I n  s p i t e  of  
t h e  c rudeness  bf t h e  method, f u r t h e r  tes ts  on known 
m a t e r i a l s  ( a s p h a l t )  y i e l d e d  r e s u l t s  w e l l  w i t h i n  t h e  
5% l i m i t  o f  e r r o r  e s t a b l i s h e d  e a r l i e r .  
The thermo- 
The v a l u e  f o r  t h e  p l a s t i c  was 
The v a l u e s  o f  t tpour  p o i n t "  f u r n i s h e u  by maniifac- 
t u r e r s  proved t o  be  d i f f e r e n t  from t h e  observed  " s o f -  
t e n i n g "  p o i n t  a s  a p p l i e d  t o  t h e  o n s e t  of a b l a t i o n .  It 
was d i s c o v e r e d  t h a t  m a t e r i a l s  would b e g i n  t o  f l o w  and 
form waves a t  t e m p e r a t u r e s  somewhat lower  t h a n  t h e  
quo ted  pour  p o i n t .  A seemingly more i n d i c a t i v e  measure- 
ment was o b t a i n e d  by s lowly c o o l i n g  a sample of  t h e  ma- 
t e r i a l  i n  a two-inch d i ame te r  c o n t a i n e r  w h i l e  s t i r r i n g  
it w i t h  a thermometer.  The t e m p e r a t u r e  a t  which t h e  
. m a t e r i a l  f a i l e d  t o  f l o w  when t h e  c o n t a i n e r  was suddenly  
i n v e r t e d  was t a k e n  a s  t h e  t g s o f t e n i n g f t  p o i n t .  S e v e r a l  
t r i a l s  were used  t o  de t e rmine  an ave rage  f o r  each 
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m a t e r i a l .  
Fo r  p r e l i m i n a r y  t e s t s  t h e  s u r f a c e  t e n s i o n  of  
t h e  m a t e r i a l s  was needed a t  a t e m p e r a t u r e  of 72'F. 
Values  were o b t a i n e d  u s i n g  a F i s h e r  n t ens iomat"  i n s t r u -  
ment which i s  r e a d i l y  capab le  o f  producing t h e  r e q u i r e d  
5% accuracy .  
The v a l u e s  o b t a i n e d  from t h e  above p rocedures  a r e  
l i m i t e d  by t h e  t o l e r a n c e s  accepted .  Fur thermore ,  t h e  
e f f e c t s  o f  changing t empera tu re  on s p e c i f i c  h e a t  and 
the rma l  c o n d u c t i v i t y  a r e  no t  d i r e c t l y  known. The spe-  
c i f i c  h e a t  was measured a t  an average  t e m p e r a t u r e  of 
about  100°F and i s  assumed c o n s t a n t  even though it 
does  v a r y  s lowly  w i t h  t empera tu re .  The the rma l  con- 
d u c t i v i t i e s  o b t a i n e d  a r e  e s s e n t i a l l y  average  v a l u e s  
o v e r  t h e  r a n g e  from 32'F t o  about  -50°F because  of 
t h e  method used .  Although the rma l  c o n d u c t i v i t y  does  
v a r y  c o n s i d e r a b l y  w i t h  t e m p e r a t u r e ,  t h e  measured v a l u e  
i s  accep ted  s i n c e  it f a l l s  rough ly  w i t h i n  t h e  a c t u a l  
t e m p e r a t u r e  r ange  encountered  by t h e  m a t e r i a l  d u r i n g  
t h e  t e s t s .  
Due t o  t h e  t o l e r a n c e s  and t h e  above a s sumpt ions ,  
t h e  i n f o r m a t i o n  about  p h y s i c a l  p r o p e r t i e s  must b e  accep-  
t e d  a s  be ing  pe rhaps  t h e  most s e r i o u s  sou rce  of  p o s s i b l e  
' e r r o r  i n  t h e  t e s t s .  
CHAPTER V 
TEST RESULTS -
C r i t i c a l  p o i n t  
Dur ing  c a l i b r a t i o n  and p r e l i m i n a r y  t e s t i n g ,  an 
i n t e r e s t i n g  phenomenon was noted i n  r e g a r d  t o  t h e  be- 
h a v i o r  of melt waves. It appeared t h a t  below c e r t a i n  
a i r  v e l o c i t i e s  no waves would form whatsoever  even 
though t h e  m a t e r i a l  was comple te ly  mel ted .  S i n c e  t h i s  
f a c t  would o b v i o u s l y  a f f e c t  t h e  approach t o  t h e  a c t u a l  
a b l a t i o n  t e s t s ,  some p r e l i m i n a r y  expe r imen t s  were p e r -  
formed u s i n g  b o t h  f r o z e n  and un f rozen  l i q u i d s  of  sev-  
e r a l  t y p e s  i n  an e f f o r t  t o  s t u d y  t h i s  a p p a r e n t  c r i t i c a l  
p o i n t  . 
I n i t i a l l y  t h e  r e s u l t s  were v e r y  confus ing .  F i v e  
l i q u i d s  r a n g i n g  from r e l a t i v e l y  low v i s c o s i t y  t y p e s  
( w a t e r )  t o  v e r y  h i g h  v i s c o s i t y  t y p e s  ( r e s i n )  were used  
i n  t h e  p l a t e  model w i t h o u t  f r e e z i n g  and w i t h  t h e  a i r  
s t r e a m  a t  room t e m p e r a t u r e .  The s t r e a m  v e l o c i t y  was 
i n c r e a s e d  s l o w l y  u n t i l  some t y p e  of wave o r  r i p p l e  was 
no ted .  A t  t h i s  p o i n t  t h e  a i r  v e l o c i t y ,  wave v e l o c i t y ,  
and wave l e n g t h  were recorded  manual ly  and on motion 




l i q u i d  s u r f a c e  v e l o c i t y ;  however i t  was n o t  t o o  
s u c c e s s f u l .  
The t e s t s  on t h r e e  o f  t h e  more v i s c o u s  m a t e r i a l s  
y i e l d e d  one t y p e  o r  mode of wave behav io r  which began 
a t  approx ima te ly  t h e  same a i r  speed f o r  each  m a t e r i a l  
(an ave rage  of 31.8 f e e t  p e r  s econd) .  T h i s  t y p e  of 
wave appeared f i r s t  a t  t h e  f r o n t  edge o f  t h e  l i q u i d  
specimen beginning  a s  a s t a t i o n a r y  hump o r  r i d g e  a t  
a i r  speeds  below t h e  c r i t i c a l  v a l u e .  
was i n c r e a s e d ,  t h e  h e i g h t  of  t h e  hump i n c r e a s e d ,  and 
t h e  s l o p e s  o f  i t s  s i d e s  became s t e e p e r ;  t h e n ,  a t  a 
w e l l - d e f i n e d  and r e p e a t a b l e  a i r  speed ,  it began t o  move 
downstream. As t h e  f i r s t  r i d g e  o r  wave began t o  move, 
As t h e  a i r  speed 
a second one formed i n  i t s  p l a c e  a t  t h e  l e a d i n g  edge. 
When t h e  second one reached  f u l l  h e i g h t ,  It t c o  began 
t o  move; b u t  a s  i t  d i d ,  t h e  f i r s t  one slowed a lmost  t o  
a s t o p  and shrank  r a p i d l y ,  d i s a p p e a r i n g  i n  a s h o r t  
t i m e .  By i n c r e a s i n g  t h e  a i r  speed somewhat more, it 
was p o s s i b l e  t o  d r i v e  t h e  waves f a r t h e r  a long  t h e  p l a t e  
u n t i l  t h e y  r eached  t h e  back edge w i t h o u t  s t o p p i n g .  
The two f l u i d s  t e s t e d  w i t h  lower  v i s c o s i t y  (water  
and l i g h t  o i l )  d i s p l a y e d  a much d i f f e r e n t  b e h a v i o r .  
The f i r s t  waves t o  be n o t i c e d  were r i p p l e s  which ap- 
.peared n e a r  t h e  downsteam end of t h e  p l a t e .  
. r i p p i e s  occurred a t  a i r  speeds  of  18 and 25 f e e t  per 
second r e s p e c t i v e l y ,  which a r e  somewhat l o w e r  t h a n  t h e  
These 
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speeds  r e q u i r e d  t o  g e n e r a t e  a wave on t h e  more v i s c o u s  
m a t e r i a l s .  Fu r the rmore ,  t h e  r i p p l e s  d i d  n o t  form and 
grow i n  t h e  same manner a s  t h e  o t h e r  waves, which 
appeared  a t  t h e  l e a d i n g  edge f i r s t ;  b u t  r a t h e r  t h e y  
appeared  s imul t aneous ly  ove r  a l a r g e  a r e a .  
a b l e  f l u i d  motion was noted  a t  t h e  i n t e r f a c e  b e f o r e  
t h e  appea rance  of  t h e  r i p p l e s .  
Cons ide r -  
I n c r e a s i n g  t h e  a i r  speed f u r t h e r  produced a most 
i n t e r e s t i n g  s i t u a t i o n .  A t  a v a l u e  approx ima te ly  equa l  
t o  t h e  31.8 f ee t  p e r  second mentioned p r e v i o u s l y ,  a 
second t y p e  of  wave appeared t o  engu l f  t h e  e x i s t i n g  
r i p p l e s .  T h i s  second t y p e  behaved i n  a s i m i l a r  f a s h i o n  
t o  t h e  t y p e  observed  on t h e  ve ry  v i s c o u s  l i q u i d s ,  was 
h i g h e r ,  moved more r a p i d l y ,  and comple t e ly  o b l i t e r a t e d  
t h e  s m a l l e r  r i p p l e s .  
r i p p l e  was s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  l i q u i d  ve lo -  
c i t y ,  w h i l e  t h e  second t y p e  o f  wave appeared  t o  t r a n s -  
p o r t  fluid a t  i t s  own v e l o c i t y .  Pape r  c h i p s  on t h e  s u r -  
face rose and f e l l  a s  t h e  f i r s t  t y p e  o f  wave passed ;  b u t  
when t h e  second t y p e  occur red ,  t h e  c h i p s  were p icked  up 
and immedia te ly  washed over  t h e  back edge of  t h e  p l a t e .  
The v e l o c i t y  of  t h e  f i r s t  type  of 
The o c c u r r e n c e  o f  tw:, d i s t i n c t  t y p e s  of  wave be-  
h a v i o r  h a s  been  noted  b e f o r e  i n  t h e  l i t e r a t u r e .  F r a n c i s  
~(28) obse rved  two d i s t i n c t  wave t y p e s  i n  h i s  s t u d y  of 
a i r  f l owing  o v e r  o i i - - t y p e s  which were very  s i m i l a r  t o  
t h e  ones  seen  h e r e .  Dukler  (35 and 3 6 ) ,  i n  s t u d i e s  of  
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a n n u l a r  f i l m  f low on v e r t i c a l  t u b e s ,  obse rved  two 
changes i n  wave b e h a v i o r  a s  d id  Knuth (37) i n  h i s  work 
wi th  h o r i z o n t a l  d u c t s .  
To examine t h e  s i g n i f i c a n c e  of t h e  two t y p e s  of 
waves o b t a i n e d  h e r e ,  it i s  h e l p f u l  t o  summarize t h e  
c o n d i t i o n s  e x i s t i n g  when each t y p e  i s  f i r s t  no ted .  
Tab le  2 l i s t s  t h e  m a t e r i a l  p r o p e r t i e s  and t h e  condi -  
t i o n s  p r e v a i l i n g  when t h e  f i r s t  wave ( c a l l e d  t y p e  1) 
was f i r s t  s e e n  on t h e  low-v i scos i ty  l i q u i d s .  
c o n t a i n s  s i m i l a r  i n fo rma t ion  f o r  t h e  second t y p e  ( c a l l e d  
t y p e  2).  
q u i d s  seemed t o  be of t h e  l a t t e r  t y p e ,  t h e y  a r e  i n c o r -  
p o r a t e d  i n t o  Tab le  3. The r e s u l t  o b t a i n e d  by F r a n c i s  
(28) i s  a l s o  i n c o r p o r a t e d  a t  t h e  a p p r o p r i a t e  p l a c e s .  
The most s i g n i f i c a n t  pa rame te r  t o  nute i s  t h e  
Tab le  3 
S i n c e  t h e  waves observed on t h e  v i s c o u s  li- 
a i r  Reynolds  number e x i s t i n g  a t  t h e  i n c e p t i o n  of  each  
t y p e  o f  wave. These have been p l o t t e d  a g a i n s t  t h e  
l i q u i d  v i s c o s i t y  i n  f i g u r e  14; and a s  can  be  s e e n ,  t h e  
t y p e  2 wave seems t o  o c c u r  a t  a r e l a t i v e l y  c o n s t a n t  
v a l u e  of  t h e  a i r  Reynolds  number. Fu r the rmore ,  s i n c e  
t h e  l i q u i d  v i s c o s i t y  i s  e s s e n t i a l l y  r e l a t e d  t o  t h e  
l i q u i d  Reynolds  number, it can  be  s a i d  t h a t  t h e  t y p e  2 
wave i s  independen t  o f  t h e  l i q u i d  Reynolds  number. 
.(The v a r i a t i o n  i n  l i q u i d  v e l o c i t y  was sma l l  compared 
t o  t h e  v a r i a t i o n  i n  v i s c o s i t y ;  hence t h e  Reynolds  num- 
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Comparing t h e s e  c o n d i t i o n s  t o  t h e  v a r i o u s  t y p e s  
o f  i n s t a b i l i t i e s  d e s c r i b e d  by O s t r a c h  and K o e s t e l  ( 2 9 ) .  
it would appea r  t h a t  t h i s  behav io r  i s  p o s s i b l y  o f  t h e  
Kelvin-Helmholtz  v a r i e t y ,  which i s  caused by t h e  i n t e r -  
a c t i o n  of two u n l i k e  f l u i d s  i n  r e l a t i v e  motion a t  t h e i r  
common i n t e r f a c e ,  
b e h a v i o r  upon t h e  g a s  Reynolds number i s  i n  agreement 
w i t h  t h e  o b s e r v a t i o n s  o f  Dukler  (35 and 3 6 )  and L a i r d  
(38), b o t h  of  whom no ted  a s i m i l a r  dependence. 
The dependence of  t h i s  t y p e  o f  wave 
Again r e f e r r i n g  t o  f i g u r e  1 4 ,  i t  can be s e e n  t h a t  
t h e  t y p e  1 waves do appea r  t o  depend on t h e  l i q u i d  v i s -  
c o s i t y  and t h e  l i q u i d  Reynolds number. These waves 
were obse rved  i n  l i q u i d s  which d i s p l a y e d  r e l a t i v e l y  
l a r g e  l i q u i d  v e l o c i t i e s  i n  c o n j u n c t i o n  w i t h  low v i s -  
c o s i t i e s  ( i . e . ,  l a r g e  Reynolds numbers) and were abse i i t  
i n  t h e  more v i s c o u s  f l u i d s .  The a p p a r e n t  dependence on 
t h e  l i q u i d  motion p o i n t s  t o  t h e  T o l l m i e n - S c h l i c h t i n g  
t y p e  o f  i n s t a b i l i t y  ( r e f e r e n c e  2 9 ) ,  which d e r i v e s  i t s  
e x i s t e n c e  from a m p l i f i c a t i o n  o f  d i s t u r b a n c e s  w i t h i n  t h e  
l i q u i d  l a y e r  ( i . e . ,  t r a n s i t i o n ) .  T h i s  b e h a v i o r  a g r e e s  
w i t h  o t h e r  o b s e r v a t i o n s  by Kinney, Abramson, and S l o o p  
(39);  Braue r  (40) ;  and Knuth (37) ;  a l l  o f  whom found a 
dependence  of waves upon l i q u i d  motion unde r  c e r t a i n  
c o n d i t i o n s .  
Although t h e  t y p e  1 waves were n o t  obse rved  i n  
t h e  more v i s c o u s  l i q u i d s ,  t h e r e  i s  no r e a s o n  t o  b e l i e v e  
. .'. 
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t h a t  t h e y  would n o t  form i f  t h e  a i r  v e l o c i t y  were i n -  
c r e a s e d  s u f f i c i e n t l y .  S i n c e  t h e  l a r g e r ,  t y p e  2 waves 
appea r  b e f o r e  t h i s  p o i n t  i s  r eached ,  t h e  o c c u r r e n c e  o f  
t y p e  1 waves i s  e i t h e r  masked o r  p reven ted  by t h e  r a d i -  
c a l  d i s t o r t i o n  o f  t h e  s u r f a c e .  
Whi le  t h e s e  few t r i a l s  a r e  n o t  meant t o  b e  t a k e n  
a s  be ing  c o n c l u s i v e ,  t h e  p a t t e r n  i s  v e r y  s i g n i f i c a n t  
s i n c e  t h e  f f a b l a t i o n 4 t  o r  " m e l t f 1  waves measured i n  sub- 
s e q u e n t  t e s t s  a r e  e v i d e n t l y  e q u i v a l e n t  t o  t h e  t y p e  2 
phenomenon. The form and behav io r  o f  t h e  melt  waves 
were found t o  b e  v e r y  s i m i l a r  t o  t h i s  t y p e ,  and it was 
d i s c o v e r e d  t h a t  waves would n o t  form on a b l a t i n g  s u r -  
f a c e s  u n l e s s  t h e  a i r  Reynolds number exceeded t h e  mini -  
mum v a l u e  e s t a b l i s h e d  f o r  t y p e  2 waves. 
A b l a t i o n  - d a t a  
A t o t a l  o f  32 complete  a b l a t i o n  t e s t s  were p e r -  
formed u s i n g  t h e  p rocedures  o u t l i n e d  e a r l i e r .  T a b l e  4 
c o n t a i n s  t h e  summary o f  t e s t  c o n d i t i o n s  e x c l u s i v e  o f  
t h e  m a t e r i a l  p r o p e r t i e s ,  which have  been g i v e n  i n  t a b l e  
1, and t h e  p r o p e r t i e s  of  a i r ,  which were t a k e n  from re -  
f e r e n c e  41. Test  number 54, u s i n g  p a r a f f i n ,  proved t o  
b e  u s e l e s s  a s  f a r  a s  wave d a t a  i s  concerned .  P a r a f f i n  
h a s  an a c t u a l  m e l t i n g  p o i n t  r a t h e r  t h a n  a c o n t i n u o u s  
s o f t e n i n g  r a n g e ;  and it w a s  used  f o r  comparison t o  t h e  
o t h e r  m a t e r i a l s .  Very s m a l l  r i p p l e s  formed on t h e  
60 
TABLE 4 




































M a t e r i a l  
650 O i l  
650 O i l  
650 O i l  
650 O i l  
650 O i l  
650 O i l  
G l y c e r o l  
G l y c e r o l  
G l y c e r o l  
K-312 Res in  
K-312 R e s i n  
K-312 R e s i n  
K-312 Res in  
K-312 R e s i n  
K-312 R e s i n  
K-312 R e s i n  
Pen 50 Asph. 
Pen 50 Asph. 
Pen 50 Asph. 
Pen 50 Asph. 
20 W O i l  
20 W Oil 
20 W Oil 
20 W O i l  
20 W 9 i l  
20 W O i l  
20 W Oil 
P a r a f f i n  
20 W O i l  
20 W O i l  
20 W O i l  
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s u r f a c e  o f  t h e  p a r a f f i n  sample, b u t  t h e y  could  no t  be  
photographed o r  measured wi th  t h e  a v a i l a b l e  equipment.  
Test  number 44 was performed t o  v e r i f y  t h e  c r i t i -  
c a l  Reynolds  number f o r  t h e  pen 50 a s p h a l t .  
i n f o r m a t i o n  was r eco rded .  
No wave 
Test number 35 se rved  a s  one l i m i t i n g  c a s e  o f  t h e  
pa rame te r  8 ( f =  0)  s i n c e  t h e  a i r  s t r eam t e m p e r a t u r e  
was e x a c t l y  e q u a l  t o  t h e  sample s o f t e n i n g  t e m p e r a t u r e .  
(See T a b l e  5 . )  Although t e s t  number 36 h a s  a v a l u e  of  
r w h i c h  i s  n o t  a c t u a l l y  0 ,  t h e  v a l u e  i s  so c l o s e  t o  0 
t h a t  t h e  d a t a  i s  e s s e n t i a l l y  s i m i l a r  t o  t e s t  35. The 
l a r g e s t  v a l u e  o f  s' ( $= 1.97)  was o b t a i n e d  i n  t e s t  53 
i n  which o i l  s o f t e n i n g  a t  -30°F was a b l a t e d  i n  an  a i r  
s t r e a m  a t  176'F, which was t h e  l i m i t  of  t h e  h e a t e r  capa-  
c i t y  a t  an  a i r  v e l o c i t y  o f  52 f e e t  p e r  second.  
s m a l l e s t  measu rab le ,  non-vanishing v a l u e  o f  CY was 0.01, 
The 
o b t a i n e d  i n  t e s t s  43 and 45. Thus,  t h e  t e s t s  covered 
a r a n g e  o f  two o r d e r s  o f  magnitude i n  t h e  pa rame te r  
i n c l u d i n g  v a l u e s  o f  u n i t  o r d e r .  
The measurements o f  wave v e l o c i t y  and spac ing  
were t a k e n  from t h e  1 6 m m .  f i l m s .  Waves were measured 
on  t h e  back h a l f  o f  t h e  p l a t e  away from t h e  l e a d i n g  
edge  o f  t h e  m a t e r i a l .  During t h e  t e s t i n g  i t  was noted  
t h a t  i n d i v i d u a l  waves d i d  n o t  move a t  c o n s t a n t  v e l o c i t y  
b u t  a c c e l e r a t e d  and d e c e l e r a t e d  a t  random. I t  was n o t  
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move r a p i d l y  f o r  a d i s t a n c e .  T h i s  same f a c t  was noted  
d u r i n g  measurement o f  wave c h a r a c t e r i s t i c s ,  and it was 
found t o  be  n e c e s s a r y  t o  t a k e  an ave rage  of  s e v e r a l  
v a l u e s  t o  o b t a i n  c o n s i s t e n t  r e s u l t s .  I n d i v i d u a l  v a l u e s  
were found t o  v a r y  by a s  much a s  30% t o  40% even a f t e r  
s t e a d y  m e l t i n g  had begun. The wave d a t a  l i s t e d  i n  
T a b l e  5 r e p r e s e n t s  an average  of 4 o r  more v a l u e s  f o r  
each  measured q u a n t i t y ,  
measurements f o r  t e s t  46 proved t o  b e  comple t e ly  un- 
r e a s o n a b l e  and do n o t  f i t  t h e  p a t t e r n s  e s t a b l i s h e d  by 
t h e  o t h e r  t es t s .  No e x p l a n a t i o n  h a s  been found f o r  
t h i s  l a r g e  d i s c r e p a n c y ,  and it i s  assumed t h a t  t e s t  46 
i s  f a u l t y  f o r  some unknown r e a s o n ,  
The ampl i tude  and wave l e n g t h  
C e r t a i n  p a t t e r n s  can be d i s c e r n e d  from t h e  d a t a  
i n  d imens iof ia l  I--- L u I I I I ,  hnwnlrnT L.V..b. _ _ _ _ _ _  mn-re  meaningfu l  c o n c l u s i o n s  
c a n  b e  seen  by non-d imens iona l iz ing  t h e  v a r i o u s  q u a n t i -  
t i e s ,  and t h i s  l a t t e r  approach w i l l  be used  h e r e .  
A n a l y s i s  - o f  r e s u l t s  
The g e n e r a l  approach t o  a complex f l o w  s i t u a t i o n  
would i n v o l v e  t h e  p r i n c i p l e s  of  d imens iona l  a n a l y s i s  
and s i m i l i t u d e  i n  an a t t empt  t o  f i n d  s c a l e  f a c t o r s  and 
d i m e n s i o n l e s s  r a t i o s  which can b e  used  t o  r e d u c e  t h e  
v a r i o u s  combina t ions  of  v a r i a b l e s  t o  more conven ien t  
form. F o r t u n a t e l y ,  t h e  wgrk  o f  Chen (26) and O s t r a c h  
(25) h a s  p rov ided  possible r a t i o s  based  or, a n a l y s i s  o f  
64 
t h e  b a s i c  e q u a t i o n s .  
O f  t h e  pa rame te r s  provided  by Chen (Appendix) ,  
t h e  a b l a t i o n  pa rame te r ,  8 ;  t h e  r e f e r e n c e  v e l o c i t y ,  gr; 
t h e  l i q u i d  boundary l a y e r  t h i c k n e s s ,  4; and t h e  i n t e r -  
f a c e  t e m p e r a t u r e ,  T i ,  a r e  found t o  be  u s e f u l  i n  t h e  
p r e s e n t  problem. 
The f i r s t  s t e p  i n  u t i l i z i n g  t h e s e  pa rame te r s  i n -  
v o l v e s  c a l c u l a t i n g  T i  from e q u a t i o n s  A and B (Appendix) 
and t h e  v i s c o s i t y - t e m p e r a t u r e  p r o f i l e .  
t h a t  t h e  r e f e r e n c e  t e m p e r a t u r e ,  To ,  may be t a k e n  a s  be ing  
e q u a l  t o  T i  w i t h o u t  l o s s  o f  g e n e r a l i t y .  The advantage  o f  
do ing  so i s  t h a t  t h e  power law f o r  t h e  l i q u i d  v i s c o s i t y ,  
=l(lo (Ti/To)-N, becomes t r i v i a l  and i s  n o t  needed. 
Chen s u g g e s t s  
/4 
I n  t h e  e v e n t  t h a t  t h e  v i s c o s i t y  d e v i a t e s  from such  a 
l aw ,  accu racy  i s  improved by u s i n g  tne a c t u a l  viscosity- 
t e m p e r a t u r e  r e l a t i o n  r a t h e r  t h a n  t h e  power l aw  assump- 
t i o n .  
Pi, 
t i o n .  The s o l u t i o n  f o r  T i .  must be  o b t a i n e d  by t r i a l -  
a n d - e r r o r  s o l u t i o n  o f  t h e  r e l a t i o n  
The d i s a d v a n t a g e  i s  t h a t P o  i n  e q u a t i o n  A i s  now 
which v a r i e s  w i th  T i ,  t h e  unknown i n  t h e  c a l c u l a -  
t.1- I ------- 
f o r  which t h e  a c t u a l  t e m p e r a t u r e - v i s c o s i t y  p r o f i l e  i s  
needed t o  i d e n t i f y p i  f o r  each t r i a l  v a l u e  o f  T i .  
T i  h a s  been o b t a i n e d ,  
A f t e r  




immedia te ly  be  c a l c u l a t e d .  
T a b l e s  5 and 6 c o n t a i n  t h e  v a l u e s  of  t h e  c a l c u -  
l a t e d  p a r a m e t e r s  and t h e  non-dimensional ized r e s u l t s  
f o r  t h e  p r e s e n t  tests.  
s i b l e  t o  o b t a i n  measurements o f  t h e  a c t u a l  i n t e r f a c e  
I n  some c a s e s  it was a l s o  pos- 
t e m p e r a t u r e  from t h e  thermocouple  r e c o r d s  of t h e  t e s t s ,  
and t h e s e  v a l u e s  a r e  l i s t e d  i n  t h e  l a s t  column o f  Tab le  
5. 
m e l t i n g  s u r f a c e  a g a i n s t  t i m e ,  t h e  moment a t  which t h e  
j u n c t i o n  b r o k e  th rough  t h e  s u r f a c e  could  be  i d e n t i f i e d  
from t h e  r e s u l t i n g  sudden change i n  s l o p e .  The r e s u l t s  
l i s t e d  shou ld  be  r e g a r d e d  a s  c o r r e c t  o n l y  t o  t h e  o r d e r  
o f  magni tude ,  because  t h e  e x a c t  v a l u e s  canno t  be w e l l  
d i s t i n g u i s h e d  by t h i s  method; i n  f a c t ,  t h e  r e s u l t s  from 
By p l o t t i n g  t h e  r e a d i n g s  of thermocouples  n e a r  t h e  
s e v e r a l  t e s t s  were i n c o n c l u s i v e  and were o m i t t e d  from 
t h e  t a b u l a t i o n .  N e v e r t h e l e s s ,  t h e r e  i s  a c o r r e l a t i o n  
between t h e  measured and t h e  c a l c u l a t e d  v a l u e s  a s  can  
b e  s e e n  by comparing t h e  l a s t  two columns i n  T a b l e  5 .  
The n a t u r e  of t h e  parameter  # c a n  be examined 
from e q u a t i o n  B (Appendix).  
h 
The numerator  o f  t h i s  r a t i o  gove rns  t h e  s l o p e  o f  t h e  
t e m p e r a t u r e  p r o f i l e  i n  t h e  g a s  s t r e a m  a t  t h e  i n t e r f a c e ;  
t h e r e f o r e  it g o v e r n s  t h e  r a t e  a t  which h e a t  i s  s u p p l i e d  
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e s t a b l i s h e s  t h e  r a t e  a t  which h e a t  i s  conducted i n t o  
t h e  i n t e r i o r  of t h e  body, w h i l e  t h e  second term e s t a b -  
l i s h e s  t h e  r a t e  a t  which m a t e r i a l  i s  m e l t i n g .  The 
r a t i o ,  t h e n ,  i s  t h e  r e l a t i o n  between t h e  i n c i d e n t  h e a t -  
i ng  r a t e  and t h e  combined h e a t i n g  and s o f t e n i n g  r a t e s  
o f  t h e  a b l a t i n g  body. 
w i t h  m a t e r i a l s  which h e a t  and melt  s l o w l y  i n  high-tem- 
p e r a t u r e  a i r  s t r e a m s .  
Large d ' v a l u e s  a r e  a s s o c i a t e d  
It shou ld  be  n o t e d  from e q u a t i o n  (1) t h a t  t h e  
i n t e r f a c e  t e m p e r a t u r e  i s  dependent  upon t h e  m a t e r i a l  
p r o p e r t i e s ;  t h e r e f o r e  t h e  s i g n i f i c a n c e  o f  # i s  a l s o  
t i e d  t o  t h e  naterial p r c p e r t i e s  b u t  n o t  so  c l e a r l y .  
Equa t ion  A from t h e  Appendix p r o v i d e s  t h e  a p p r o p r i a t e  
r e l a t i o n s h i p ,  which becomes 
C u r s o r y  examina t ion  o f  t h i s  e q u a t i o n  seems t o  i n d i c a t e  
t h a t  i n c r e a s i n g  t v a l u e s  would be a s s o c i a t e d  w i t h  i n -  
c r e a s i n g  l i q u i d  t h e r m a l  c o n d u c t i v i t i e s  and s p e c i f i c  
h e a t s  and t h e r e f o r e  w i t h  i n c r e a s i n g  r a t e s  o f  h e a t  g a i n  
by  t h e  m e l t i n g  body. T h i s  s t a t e m e n t  i s  c o n t r a d i c t o r y  
t o  t h e  c o n c l u s i o n  drawn from e q u a t i o n  (2),  which i n d i -  
c a t e s  t h a t  l a r g e  r v a l u e s  a r e  a s s o c i a t e d  w i t h  s m a l l  
r a t e s  of  body h e a t i n g  and s o f t e n i n g .  The answer t o  




a p p e a r s  i n  t h e  denominator  of e q u a t i o n  ( 3 ) .  Large 
t h e r m a l  c o n d u c t i v i t i e s  and s p e c i f i c  h e a t s  i n  t h e  a b l a t -  
i n g  body w i l l  t e n d  t o  keep t h e  i n t e r f a c e  t e m p e r a t u r e ,  
T i ,  low;  and s i n c e &  v a r i e s  r a p i d l y  a s  some i n v e r s e  
power o f  T i ,  t h e  r a t e  o f  i n c r e a s e  o f  pi w i l l  b e  g r e a t e r  
Hence l a r g e  
P l  
t h a n  t h e  r a t e  o f  i n c r e a s e  o f  kl o r  c 
i s  a s s o c i a t e d  w i t h  s m a l l  body h e a t i n g  and m e l t i n g  r a t e s  
a s  deduced from e q u a t i o n  (2) .  
A f t e r  some e x p e r i m e n t a t i o n  it was found t h a t  
s t r i k i n g  t r e n d s  cou ld  b e  r e v e a l e d  by non-dimensional-  
i z i n g  t h e  wave v e l o c i t y  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e  
v e i o c i i y ,  C'r,  2fid t h e  wave ampl i tude  and spac ing  w i t h  
r e s p e c t  t o  t h e  l i q u i d  boundary l a y e r  t h i c k n e s s ,  4. 
These  s c a l e d  v a l u e s  a r e  a l s o  l i s t e d  i n  Tab le  6. 
- 
The non-dimensional ized wave v e i o c i i y  Wss the.? 
p l o t t e d  a g a i n s t  t h e  a b l a t i o n  pa rame te r ,  r, w i t h  t h e  
r e s u l t  be ing  a s t r a i g h t  l i n e  p a s s i n g  th rough  t h e  o r i g i n ,  
which can  b e  approx ima te ly  r e p r e s e n t e d  by t h e  e q u a t i o n  
uwmr = 258 ( f i g u r e  15). The agreement o f  d a t a  p o i n t s  
- 
w i t h  t h i s  l i n e  i s  r a t h e r  good e x c e p t  f o r  t e s t s  numbered 
33 and 34 ( c i r c l e s  around p o i n t s  i n  f i g u r e  151, These 
two were t e s t s  us ing  g l y c e r o l  i n  which a c c i d e n t a l  con- 
t a m i n a t i o n  o f  t h e  specimen was s u s p e c t e d .  The exces -  
. s i v e l y  h i g h  wave v e l o c i t y  h e r e  seems t o  a g r e e  w i t h  t h e  
lower ing  o f  v i s c o s i t y  t h a t  m u l d  o c c u r  w i t h  t h e  a d d i t i o n  
of i s o p r o p y l  a l c o h o l  t o  t h e  g l y c e r o l .  
L .. 
* - .  
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From t h e  e q u a t i o n  of t h i s  l i n e  it can  be  seen  
t h a t  u w  = 250r8. I f  t h e  v a l u e s  of  ur and Y from t h e  
i s  appendix a r e  s u b s t i t u t e d ,  t h e  r e s u l t  
The q u a n t i t i e s  i n  t h e  f i r s t  b r a c k e t  e s s e n t i a l l y  d e f i n e  
t h e  r a t i o  between t h e  r a t e  of m e l t i n g  and t h e  r a t e  a t  
which h e a t  i s  t r a n s m i t t e d  t o  t h e  i n t e r i o r  o f  t h e  body. 
La rge  wave v e l o c i t i e s  w i l l  r e s u l t  when t h e  a i r  s t r e a m  
v e l o c i t y  i s  l a r g e  o r  i f  t h e  i n i t i a l  body t e m p e r a t u r e  
i s  01: L I ~ C  ~ z m e  nrder a s  t h e  s o f t e n i n g  t empera tu re .  
Although t h e  term i n  t h e  f i rs t  b r a c k e t  i s  l e s s  t h a n  
one  (Tm PI-,,,) and approaches u n i t y  a s y m p t o t i c a l l y  a s  
T i  i s  i n c r e a s e d ,  t h e  v e l o c i t y  w i l l  c o n t i n u e  t o  i n c r e a s e  
w i t h  i n c r e a s i n g  T i  s i n c e  t h e  l i q u i d  v i s c o s i t y , , u i  ( i n  
P r l ) ,  d e c r e a s e s  r a p i d l y  wi th  i n c r e a s i n g  T i .  
i s  a s t e a d i l y  i n c r e a s i n g  wave v e l o c i t y  a s  T i  and 
i n c r e a s e .  
c IL 
The r e s u l t  
Y 
The wave v e l o c i t y  depends on t h e  m a t e r i a l  s p e c i f i c  
h e a t ,  n o t  because  of e q u a t i o n  (4) where it a p p e a r s  i n  
b o t h  numera tor  and denominator ,  b u t  from e q u a t i o n  (1). 
I n c r e a s i n g  c c a u s e s  T i  t o  d e c r e a s e  t h e r e b y  d e c r e a s i n g  
v w .  
f i r s t  b r a c k e t  i n  eq l t i t i on  (4) is most e f f e c t i v e .  
P l  
T h i s  e f f e c t  i s  s t r o n g e r  a t  low J v a l u e s  when t h e  
I n  a s i m i l a r  way an i n c r e a s e  of  t he rma l  
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c o n d u c t i v i t y ,  k l ,  w i l l  c a u s e  T i  t o  d e c r e a s e ;  however kl 
a p p e a r s  i n  t h e  numerator  of e q u a t i o n  (4) which t e n d s  t o  
c a n c e l  t h e  e f f e c t  of l ower ing  T i .  When T i  i s  l a r g e  a 
compared t o  Tm and T-*, t h e  e f f e c t  on t h e  f i r s t  b r a c k e t  
i s  s m a l l ,  and i n c r e a s i n g  kl w i l l  c a u s e  g w  t o  i n c r e a s e .  
A t  low Y v a l u e s  it i s  p o s s i b l e  t h a t  t h e  r e v e r s e  cou ld  
be  t r u e .  
The wave ampl i tudes  were s c a l e d  w i t h  r e s p e c t  t o  
t h e  d imens iona l  l i q u i d  boundary l a y e r  t h i c k n e s s ,  S L  x ,  
where 4 i s  t h e  non-dimensional t h i c k n e s s  ( e q u a t i o n  F ,  
Appendix) and Lx i s  t h e  d imens iona l  d i s t a n c e  from t h e  
p l a t e  l e a d i n g  edge ts t h e  p o i n t  a t  which t h e  ampl i tude  
was measured (10 i n c h e s ) .  The v a l u e  of  was c a l c u -  
l a t e d  u s i n g  t h e  g a s  Reynolds number based on t h e  same 
d i s t a n c e  from t h e  p l a t e  l e a d i n g  edge. The resu l t s  a r e  
i n  T a b l e  6 ,  and f i g u r e  16 c o n t a i n s  t h e  s c a l e d  ampli-  
t u d e s  p l o t t e d  a g a i n s t  
which were t a k e n  v e r y  n e a r  t h e  c r i t i c a l  a i r  v e l o c i t y .  
w i th  t h e  e x c e p t i o n  o f  t h e  t e s t s  
These l a s t  a r e  o m i t t e d  s i n c e  t h e  waves appeared  and 
d i s a p p e a r e d  a t  i n t e r v a l s  and f r e q u e n t l y  were n o t  i n  
r a n g e  o f  t h e  ampl i tude  probe. Although spac ing  and 
v e l o c i t y  i n f o r m a t i o n  could  be  o b t a i n e d  from t h e  f i l m s ,  
t h e  e r r a t i c  b e h a v i o r  o f  t h e  waves n e a r  t h e  c r i t i c a l  
. p o i n t  p reven ted  e f f e c t i v e  measurement of ampl i tude .  
A s  can  be  seen  i n  f i g u r e  16,  t h e  r e l a t i o n s h i p  between 
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b u t  r a t h e r  t e n d s  t o  become more c o n s t a n t  a t  h i g h e r  
v a l u e s  of 8. Cons ide r ing  t h a t  Tw/d1Lx r e p r e s e n t s  t h e  
r a t i o  between t h e  wave ampl i tude  and t h e  l i q u i d  boundary 
l a y e r  t h i c k n e s s  ( i . e . ,  f i l m  t h i c k n e s s ) ,  it i s  r e a s o n a b l e  
t h a t  t h i s  r a t i o  w i l l  n o t  c o n t i n u e  t o  i n c r e a s e  i n d e f i -  
n i t e l y .  
t i o n  of t h e  f i l m  l a y e r  (he re  abou t  1/3 when &= 2)  wi th  
a maximum v a l u e  l e s s  t h a n  u n i t y .  
s u p p o r t e d  by t h e  f a c t  t h a t  t h e  d a t a  can be r a t h e r  w e l l  
r e p r e s e n t e d  by t h e  asymptot ic  r e l a t i o n  
The wave can b e  expec ted  t o  occupy some f r a c -  
T h i s  p o s s i b i l i t y  i s  
which i s  shown a s  a d o t t e d  l i n e  i n  f i g u r e  16. 
T h i s  e q u a t i o n  i s  on ly  meant t o  r e p r e s e n t  t h e  d a t a  
a s  i t  s t a n d s .  comple t e  verification of t h e  r e l a t i o n  
would depend on more ampl i tude  measurements i n  t h e  r ange  
above #=  2 t o  see whether  o r  n o t  t h e  r a t i o  wDuld a c t u -  
a l l y  approach 0.4 a s  p r e d i c t e d  by e q u a t i o n  ( 5 ) .  
The b e h a v i o r  of  t h e  wave ampl i tude  can be examined 
by w r i t i n g  e q u a t i o n  (5) i n  comple te  form. 
L A 




Obvious ly ,  y w  d e c r e a s e s  i n  p r o p o r t i o n  t o  (Re ) ti
9 
which i s  i n  g e n e r a l  agreement wi th  t h e  p r e s e n t  d a t a .  
’ As t h e  h e a t i n g  r a t e  becomes l a r g e  ( l a r g e  t ) ,  t h e  ampli-  
t u d e  d e c r e a s e s  a s y m p t o t i c a l l y  t o  z e r o  because  of  t h e  
f a c t  t h a t  t h e  f i r s t  b r a c k e t  i n  e q u a t i o n  (7) i s  e s sen -  
t i a l l y  l i k e  t h e  r e c i p r o c a l  of g. 
The e f f e c t  o f  i n c r e a s i n g  kl i s  n o t  immediately 
obv ious  s i n c e  T i  i s  coup led to  kl a s  b e f o r e .  From exami- 
n a t i o n  of e q u a t i o n s  A and B i n  t h e  Appendix, it can be  
s e e n  t h a t  t h e  f i r s t  f a c t o r  i n  e q u a t i o n  (7) d e c r e a s e s  i n  
p r o p o r t i o n  t o  k12; and t h i s  f a c t  combined w i t h  t h e  kl 
i n  t h e  numera tor  of tne  sezoiid f a c t c r  p o i n t s  t o  a de-  
c r e a s e  i n  y w  p r o p o r t i o n a l  t o  kl -1 . 
The wave l e n g t h s  o r  s p a c i n g s ,  Ew,  were non-dimen- 
s i o n a l i z e d  w i t h  r e s p e c t  t o  t h e  d imens iona l  boundary 
l a y e r  o r  f i l m  t h i c k n e s s ,  l1Lx,  a t  t h e  p o i n t  where t h e  
l e n g t h s  were measured. Normally t h i s  p o i n t  was approx i -  
m a t e l y  1 f o o t  behind  t h e  p l a t e  l e a d i n g  edge;  however 
s e v e r a l  measurements were t aken  a t  o t h e r  p o i n t s  when 
t h e  a i r  speed was n e a r  t h e  c r i t i c a l  v a l u e  and waves d i d  
n o t  c o v e r  t h e  e n t i r e  s u r f a c e .  The s c a l e  f a c t o r s  and 
t h e  non-d imens iona l ized  r e s u l t s  a r e  l i s t e d  i n  Tab le  6. 
P l o t t i n g  t h e  s c a l e d  wave s p a c i n g s  a g a i n s t  # r e -  
’ s u l t s  i n  a d e f i n i t e  p a t t e r n  a l though  wi th  a r a t h e r  
l a r g e  amount of  s c a t t e r  ( f i g u r e  1 7 ) .  The r e a s o n  f o r  
t h e  s c a t t e r  i s  n o t  c l e a r  excep t  f o r  t h e  f a c t  t h a t  t h e  
.. * 
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s p a c i n g  was t h e  most e r r a t i c  and v a r i a b l e  q u a n t i t y  
measured. 
The p a t t e r n ,  however c o a r s e  i t  may b e ,  can be  con- 
v e n i e n t l y  approximated by t h e  e q u a t i o n  
c 
Obvious ly  t h e  wave l e n g t h  i n c r e a s e s  i n  p r o p o r t i o n  t o  
e i t h e r  1( o r  t h e  f i l m  t h i c k n e s s ,  (f1; however and 6; 
a r e  n o t  independent  of one a n o t h e r ,  and t h e  e f f ec t s  must 
be i n v e s t i g a t e d  from t h e  p roduc t  of t h e  two f a c t o r s .  
T h a t  i s ,  
S i n c e  t h e  v a l u e  of  t h e  f i r s t  b r a c k e t  i s  l e s s  t h a n  u n i t y  
and i n c r e a s e s  toward u n i t y  a s  T i  i n c r e a s e s ,  it foiicjws 
t h a t  t h e  wavelength  a t  a g iven  p o i n t  on t h e  p l a t e  should  
i n c r e a s e  a s  T i  i n c r e a s e s .  Equat ion  (9) a l s o  i n d i c a t e s  
t h a t  r w  d e c r e a s e s  i n  p r o p o r t i o n  t o  (Re ) % b u t  i n c r e a s e s  
9 
i n  p r o p o r t i o n  t o  t h e  square  r o o t  o f  t h e  d i s t a n c e  a long  
t h e  p l a t e .  
a p p e a r s  a l s o  w i t h i n  t h e  Reynolds number. 
The l a t t e r  c o n c l u s i o n  i s  t r u e  s i n c e  Lx 
Again ,  t h e  e f f e c t s  of v a r y i n g  t h e  m a t e r i a l  p ro-  
p e r t i e s  canno t  be  seen wi thout  c o n s i d e r i n g  t h a t  T i  i s  
.a f u n c t i o n  of  t h o s e  p r o p e r t i e s  t h rough  e q u a t i o n s  A and 
B i n  t h e  Appendix.  
an  i n c r e a s e  i n  kl c a u s e s  a d e c r e a s e  i n  T i  and a n e t  
W i t h  e v e r y t h i n g  e l s e  h e l d  c o n s t a n t ,  
.. 
77 
i n c r e a s e  i n  wavelength i f  t h e  f i r s t  f a c t o r  i n  e q u a t i o n  
(9) i s  of u n i t  o r d e r .  I f  t h i s  f a c t o r  i s  s m a l l e r ,  t h e  
e f f e c t  of kl i s  n o t  c l e a r  s i n c e  t h e  r a t e  o f  v a r i a t i o n  
of  t h i s  f a c t o r  w i t h  r e s p e c t  t o  kl i s  n o t  r e a d i l y  
de te rmined .  
R e l a t i o n s h i e  -- t o  t h e  o r i q i n a l  problem 
The resu l t s  i n  t h e  p r e s e n t  s t u d y  a r e  d i r e c t l y  
a p p l i c a b l e  o n l y  t o  t h e  p a r t i c u l a r  c o n f i g u r a t i o n  and 
c o n d i t i o n s  used f o r  t h e  t e s t s .  D i r e c t  a p p l i c a t i o n  o f  
t h e  i n f o r m a t i o n  o b t a i n e d  h e r e  t o  o t h e r  c o n f i g u r a t i o n s  
must b e  done ~ L t h  care and c o n s i d e r a t i o n  of t h e  e f f e c t s  
of changing shapes .  The impor t an t  p o i n t  i s  t h a t  t h e  
a n a l y s i s  and pa rame te r s  proposed by Chen a r e  q u i t e  use-  
f u l  i n  t h e  examinat ion  of medting wave b e h a v i o r ,  Using 
t h i s  i n f o r m a t i o n ,  it i s  p o s s i b l e  t o  p r e d i c t  m e l t i n g  
wave b e h a v i o r  from knowledge of  t h e  m a t e r i a l  p rope r -  
t i e s  and t h e  ambient c o n d i t i o n s .  S i n c e  Chen ' s  a n a l y s i s  
i s  n o t  r e s t r i c t e d  t o  t h e  f l a t  p l a t e  c a s e ,  i t  should  b e  
p o s s i b l e  t o  app ly  h i s  r e s u l t s  t o  o t h e r  c o n f i g u r a t i o n s  
i n  a manner s i m i l a r  t o  t h a t  used i n  t h i s  s tudy .  
The b e h a v i o r  of me l t ing  waves i s  of i n t e r e s t  i n  
t h e  t e k t i t e  problem d i s c u s s e d  e a r l i e r .  Using t h e  temp- 
e r a t u r e - v i s c o s i t y  c u r v e s  f o r  t e k t i t e  g l a s s  i n  r e f e r e n c e  
12, it i s  p o s s i b l e  t o  e s t i m a t e  t h e  v a l u e  of 8 f o r  t h i s  
m a t e r i a l  i n  an a i r  s t r eam a t  h igh  t e m p e r a t u r e s .  
Assuming a Tm of 1200°K and a Tooof 4000°K, it appea r s  
t h a t  t h e  v a l u e  o f  1( would be  of t h e  o r d e r  o f  u n i t y ,  
which i s  w i t h i n  t h e  r ange  of  t h e  p r e s e n t  tests.  
To expand and c o n t i n u e  t h e  work d e s c r i b e d  h e r e i n ,  
s e v e r a l  avenues cou ld  be  i n v e s t i g a t e d .  The most impor- 
t a n t  q u e s t i o n s  remaining a r e  r e l a t e d  t o  t h e  e f f e c t s  of  
body shape ,  d e c e l e r a t i o n  f o r c e s ,  and p r e s s u r e  g r a d i e n t s  
upon t h e  waves encountered  he re .  
The most s e r i o u s  l i m i t a t i o n  encountered  i n  t h e  
p r e s e n t  t es t s  was t h e  r e l a t i v e  i n a c c u r a c y  of  a v a i l a b l e  
i n f o r m a t i o n  about  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  m e l t i n g  
m a t e r i a l s .  Now t h a t  basic; p a t t e r c s  have been e s t a b l i s h e d ,  
r e f i n e m e n t  would be p o s s i b l e  by o b t a i n i n g  a c c u r a t e  meas- 
m e m e n t s  o f  p r o p e r t i e s  f o r  one  o r  two m a t e r i a l s  and t h e n  
u s i n g  t h e s e  f o r  a ser ies  of tes ts .  During tnis  p r o j e c t  
s e v e r a l  m a t e r i a l s  were used t o  i n s u r e  a g a i n s t  d e v e l -  
op ing  r e s u l t s  which would be p e c u l i a r  t o  a p a r t i c u l a r  
t y p e .  It h a s  been v e r i f i e d  t h a t  t h e  e f f e c t s  of m a t e r i a l  
p r o p e r t i e s  can  be i n c o r p o r a t e d  ma themat i ca l ly  v i a  t h e  
p a r a m e t e r s  and s c a l e  f a c t o r s  proposed by Chen; hence  a 
v a r i e t y  of m a t e r i a l s  i s  no l o n g e r  needed. 
To ex tend  and improve t h e  r e s u l t s  d i s c u s s e d  h e r e  
f o r  t h e  f l a t  p l a t e ,  h i g h e r  v a l u e s  of  8 should  be s t u d i e d ,  
.the e f f e c t s  of  t u r b u l e n c e  should  be c o n s i d e r e d ,  and t h e  
b e h a v i o r  of  t h e  s o - c a l l e d  c r i t i c a l  p o i n t  should  b e  





The exper iments  d e s c r i b e d  i n  t h i s  r e p o r t  have 
provided  t h e  f o l l o w i n g  informat ion:  
1. A s t u d y  of  t h e  minimum c o n d i t i o n s  r e q u i r e d  
t o  g e n e r a t e  waves on m e l t i n g  m a t e r i a l s .  
2. S p e c i f i c  d a t a  cover ing  m e l t i n g  waves o v e r  
a r ange  of  c o n d i t i o n s .  
As a r e s u l t  of t h i s  p r o j e c t  s e v e r a l  f a c t s  con- 
c e r n i n g  m e l t i n g  wave behav io r  have been e s t a b l i s h e d  
o r  v e r i f i e d .  I n  agreement wi th  . r e s u l t s  from some 
e a r l i e r  works,  t h e  e x i s t e n c e  o f  a t  l e a s t  two d i f f e r e n t  
, 
t y p e s  o r  modes of wave behav io r  have been shown t o  
e x i s t ;  and t h e  b a s i c  c o n d i t i o n s  P G ~ .  t h e  fo rma t ion  of 
each  t y p e  have been a t  l e a s t  p a r t l y  de te rmined .  
t h ~ r m o r e ~  it a p p e a r s  t h a t  t h e  second type - - the  one 
depending l a r g e l y  on t h e  gas  s t r e a m  Reynolds number 
f o r  i t s  f o r m a t i o n - - i s  t h e  one which co r re sponds  t o  
t h e  t y p e  seen  i n  m e l t i n g  m a t e r i a l s .  
Fur -  
U t i l i z i n g  t h e  parameters  deve loped  by Chen (26) 
and p r e d i c t e d  e a r l i e r  by Os t r ach  and McConnell ( 2 5 ) ,  
d e f i n i t e  mathemat ica l  r e l a t i o n s h i p s  have been developed 
between t h e  wave c h a r a c t e r i s t i c s  ( v e l o c i t y ,  ampl i tude ,  
and s p a c i n g ) ;  t h e  m a t e r i a l  p r o p e r t i e s ;  t h e  g a s  s t r eam 
p r o p e r t i e s ;  and t h e  ambient c o n d i t i o n s  e x i s t i n g  d u r i n g  
S i n c e  t h e  p r o p e r t i e s  and c o n d i t i o n s  a r e  known . m e l t i n g .  
o r  can be  de t e rmined ,  it i s  t h u s  p o s s i b l e  t o  p r e d i c t  
t h e  wave c h a r a c t e r i s t i c s  from t h e  a p p r o p r i a t e  r e l a t i o n s .  
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Some c o r r e l a t i o n  h a s  been shown between t h e  
r e s u l t s  of  t h e s e  t e s t s  and t h e  t h e o r i e s  conce rn ing  
s t a b i l i t y  a n a l y s e s  o f  l i q u i d  f i l m  l a y e r s .  I n  add i -  
t i o n ,  it has been shown t h a t  t h e  p r e s e n t  t e s t s  l i k e l y  
a r e  r e p r e s e n t a t i v e  of  t e k t i t e  a b l a t i o n .  
- 9 .  . 
APPENDIX 
RESULTS FROM CHEN ' S  ANALYSIS -
The f o l l o w i n g  q u a n t i t i e s  a r e  shown by Chen t o  b e  
s i g n i f i c a n t  i n  m e l t i n g  wave behavior :  
1. A b l a t i o n  p a r a m e t e r , r .  
n o t e :  To can b e  set  e q u a l  t o  T i  w i t n o u t  
loss of g e n e r a l i t y ,  
3. R e f e r e n c e  v e l o c i t y ,  ur. 
4. R e f e r e n c e  t ime, 6. 
5 .  Gas boundary l a y e r  t h i c k n e s s ,  4 . 9 
81 
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6. Liquid boundary layer (or film) thickness, Sl. 
7. Gas temperature layer thickness, e . 
9 
8. Liquid temperature layer thickness, el. 
. .- 
SUMMERY OF DERIVATION ABLATION PARAMETERS -
S i n c e  Chen ' s  work (26 )  h a s  n o t  been completed a t  
t h e  t i m e  o f  t h i s  w r i t i n g ,  t h e  e s s e n t i a l  f e a t u r e s  of  t h e  
development  o f  t h e  a b l a t i o n  pa rame te r s  a r e  summarized 
h e r e .  E v e n t u a l l y  t h e  complete .work w i l l  a p p e a r  i n  
Chen ' s  t h e s i s ,  which w i l l  be a v a i l a b l e  t h r o u g h  t h e  
l i b r a r y  a t  Case  I n s t i t u t e  of Technology. 
The ma themat i ca l  model was developed under  t h e  
f o 11 owing a s sumpt i o n s  : 
i. .-' irie --: V L ~ Q ~ ~ - ~ ,   temperature p r o f i l e  o f  t h e  
m a t e r i a l  i s  assumed t o  be of  t h e  form 
P/P 0 = iTAo)-no 
2. D e n s i t y ,  s p e c i f i c  h e a t ,  and t h e r m a l  conduc- 
tivity i r e  assumed t o  b e  c o n s t a n t .  
3 .  The e v a p o r a t i o n  of t h e  l i q u i d  from t h e  g a s -  
l i q u i d  i n t e r f a c e  i s  assumed t o  b e  n e g l i g i b l e .  
4. The body may be  s u b j e c t e d  t o  c o n s t a n t  d e c e l -  
e r a t  i o n  or a c c e l e r a t i o n .  
5. The g a s  v e l o c i t y  i s  assumed t o  be much g r e a t e r  
6. The a b l a t i o n  wave ampl i tude  i s  s m a l l  compared 
t h a n  t h e  i n t e r f a c i a l  v e l o c i t y .  
t o  t h e  wave l e n g t h .  
7. The l i q u i d  l a y e r  i s  assumed t o  b e  s m a l l  com- 
p a r e d  t o  t h e  c h a r a c t e r i s t i c  body l e n g t h .  
A c o o r d i n a t e  system i s  f i x e d  t o  t h e  body i n  such  
. a  way t h a t  X i s  t h e  d i s t a n c e  measured a long  t h e  o r i g i n a l  
body s u r f a c e  from t h e  s t a g c a t i o n  p o i n t  (or from t h e  
83 
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l e a d i n g  edge  of a s h a r p  body) and Y i s  measured a long  
t h e  l o c a l  normal t o  t h e  s u r f a c e .  
motion t h e n  become f o r  t h e  l i q u i d  
The e q u a t i o n s  o f  
C o n t i n u i t y :  
Where G =  0 f o r  two-dimensional  b o d i e s  and e =  1 
f o r  ax isymmetr ic  bod ie s .  
Moment um : 
Enerqy: (Neg lec t ing  t h e r m a l  expans ion  o f  t h e  
l i q u i d )  
I n t e r f a c e :  ( I . e . ,  Y = H ( X , T )  
jjjj dH + 'i d H  - v i = o  
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These  e q u a t i o n s  a r e  non-d imens iona l ized  u s i n g  t h e  
f o l l o w i n g  r e l a t i o n s :  
where or,,K, T i ,  Po,  L ,  Cl, el a r e  r e f e r e n c e  q u a n t i t i e s .  
The r e s u l t i n g  forms a r e  a s  f o l l o w s :  
Y (9 
u x + v  = o  .......................... 
I . 
a t x = O  
2= 0 , 2 =  0 
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The a p p r o p r i a t e  boundary c o n d i t i o n s  may be  
e s t a b l i s h e d  i n  non-dimensional form as :  
and 
For  a p a r t i c u l a r  problem t h e  f o l l o w i n g  terms would 
De known: 
However, t h e  r e f e r e n c e  q u a n t i t i e s ,  T i ,  &, 
T-, T-, ow, L , p l ,  pg,/us, Tm, N, k ,  cp.  
6; Ii, 
I P .- 
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el ,  6g, eg, and Po a r e  n o t  d i r e c t l y  a v a i l a b l e  b u t  must 
be  o b t a i n e d  from an  order -of -magni tude  a n a l y s i s  of t h e  
non-d imens iona l ized  e q u a t i o n s .  
r e a s o n i n g :  
Chen o f f e r s  t h e  f o l l o w i n g  
A .  P may a r b i t r a r i l y  be t a k e n  a s  be ing  e q u a l  t o  
tRe l a r g e s t  p r e s s u r e  i n  t h e  f l o w  r e g i o n  ( i . e . ,  
t h e  s t a g n a t i o n  . p r e s s u r e ) .  
( a '  1 g -2 ....................... Po U*/g 
B. Based on assumption (5), t h e  o r d e r  of  magni tude 
o f  t h e  boundary and the rma l  l a y e r s  may be  t a k e n  
a s  
C. The q u a n t i t y &  may b e  o b t a i n e d  from e q u a t i o n  
( u )  i f  T i  i s  khown. Tha t  i s  
D. R e f e r r i n g  t o  e q u a t i o n  (l), page 85, it f o l l o w s  
t h a t  i f  wave motion i s  t o  e x i s t ,  t h e  o r d e r  ofq t  
'(first term$ m u s t  be e q u a l  t o  uiTx - vi. 
i s  t o - s a y  
T h a t  
E.  I n  o r d e r  t o  s a t i s f y  enough boundary c o n d i t i o n s ,  
it i s  n e c e s s a r y  t o  r e t a i n  t h e  h i g h e s t  o r d e r  
terms i n  t h e  momentum and ene rgy  e q u a t i o n s ;  
however a t  t h i s  s t a g e  of t h e  a n a l y s i s  it i s  
n o t  known whether  t h e  o r d e r  of  t h e  i n e r t i a  term 
aa 
and t h e  p r e s s u r e  and body f o r c e  term should  b e  
equated  t o  t h e  v i s c o u s  te rm s i n c e  it i s  d e s i r a b l e  
t o  i n c l u d e  t h e  c a s e s  o f  no body f o r c e ,  no p r e s -  
s u r e  g r a d i e n t ,  o r  v e r y  slow l i q u i d  f l o w  ( s m a l l  
i n e r t i a  term).  The d 3 t e r m i n a t i o n  of  t h e  o r d e r  
o f  ur m u s t  e n t e r  from t h e  boundary c o n d i t i o n ,  
i n  as much a s  ur depends n o t  o n l y  on t h e  a b l a -  
t i o n  p r o p e r t i e s  o f  t h e  m a t e r i a l  ( i . e . ,  depends 
s t r o n g l y  on/. and t h u s  T i )  b u t  a l s o  on t h e  
g a s  f l o w  cond$ t ions  such a s  t h e  s h e a r  f o r c e  
e x e r t e d  on t h e  l i q u i d  s u r f a c e .  Whenaug/ay and 
a u  /% a r e  normalized t o  u n i t  o r d e r  i n  e q u a t i o n  
( o j ,  page 86, it f o l l o w s  t h a t  
( f '  ------------------ @* Q .upr 69 F 
F. S i m i l a r l y ,  t h e  t e m p e r a t u r e  T i  depends n o t  o n l y  
on t h e  p r o p e r t i e s  of  t h e  a b l a t i n g  m a t e r i a l  b u t  
a l s o  on t h e  g a s  f l o w  c o n d i t i o n s ,  TH,  T z d ,  a s  
;.:ell a s  t h e  g a s  pr.opertie\sl  From e q u a t i o n  ( m ) ,  
page 86, w i t h a 0  /dy and O U  1% i - iui i i ia l izd tr! 
u n i t  order, it is p o s s i b l e  40 w r i t e  
G.  The o r d e r  of  Sl and e may be de te rmined  from 
examina t ion  o f  t h e  loftg t i m e  s t a g e  o f  a b l a t i o n .  
If t h e  f l u c t u a t i o n  o f  t e m p e r a t u r e  due  t o  t h e  
wave mot ion  i s  n e g l e c t e d ,  t h e  terma0/& t e n d s  
t o  approach  zero .  An o b s e r v e r  on t h e  s t a g n a -  
t i o n  p o i n t  t h e n  sees t h e  h e a t  t r a n s f e r r e d  t o  
t h e  l i q u i d  t h r o u g h  t h e  i n t e r f a c e  from t h e  g a s  
s i d e  p a r t i a l l y  c a r r i e d  away by t h e  l i q u i d  l a y e r  
f lowing  downstream and p a r t i a l l y  conducted 
t h r o u g h  t h e  l i q u i d  l a y e r  f o r  f u r t h e r  m e l t i n g .  
I n  o t h e r  words,  t h e  conduc t ion  term i n  t h e  long  
time s t a g e  i s  e q u a l l y  a s  i m p o r t a n t  a s  t h e  con- 
v e c t i o n  term. S ince  t h e  r e g i o n  n e a r  t h e  s t a g -  
n a t i o n  p o i n t  may b e  approximated b y b 0 / d x  = 0,  




A second r e l a t i o n  f o r  t h e  r e l a t i v e  o r d e r  of 
and e may b e  ob ta ined  by obse rv ing  t h a t  
!$ T = TA t h e  l i q u i d  v e l o c i t y  v a n i s h e s ;  how- 
e v e r  t h e  t e m p e r a t u r e  l a y e r  may ex tend  i n t o  ~ 
t h e  unmelted body. The r e l a t i v e  o r d e r  of t h e  
v e l o c i t y  and t empera tu re  l a y e r s  can  t h u s  b e  
g i v e n  a s  
The 9 e q u a t i o n s  ( a )  ‘ through i f )  may be so lved  
a l g e b r a i c a l l y  f o r  t h e  9 unknown r e f e r e n c e  q u a n t i t i e s .  
The a p p l i c a b l e  r e s u l t s  have been quoted  e a r l i e r  on 
pages  81 and 82. 
-- LIST OF SYMBOLS 
I n  a d d i t i o n  t o  t h e  pa rame te r s  quoted on pages  81 
and 82, t h e  f o l l o w i n g  n o t a t i o n  i s  used th roughou t  t h i s  
r e p o r t :  
S u b s c r i p t s  
g Gas ( a i r )  s t r eam.  
1 Liqu id  ( o r  mel ted  m a t e r i a l ) .  
i I n t e r f a c e  v a l u e .  
o R e f e r e n c e  v a l u e .  
Symbols 
A Dimensional  a c c e l e r a t i o n .  
c S p e c i f i c  heat--BTU/lb. 0 R .  
P 
H ( X , t )  I n t e r f a c e  wave f u n c t i o n .  
k Thermal conduct ivi ty--BTU/hr . f t  .OR. 
L Dimensional  l e n g t h .  
Lw Wave s p a c i n g - - f e e t .  
Lx D i s t a n c e  from p l a t e  l e a d i n g  edge - - f ee t .  
P Dimensional  p r e s s u r e .  
Po S t a g n a t i o n  p r e s s u r e .  
P r  P r a n d t l  number-- )('cp/k. 
Q Heat  f low.  
R Dimensional  r a d i u s  o f  ax isymmetr ic  body. 
- 
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R e  Reynolds number -y+uLx/p. 
T Dimensional temperature. 
Ti Interface temperature--OF. 
Tm Body softening temperature--OF. 
To Reference temperature--OF. 
TOO A i r  stream temperature--'F. 
T-, Initial body temperature--OF. 
U,V Dimensional liquid velocity components. 
uw Wave velocity--feet per second. 
- -  
Air stream velocity--feet per second. 
X Coordinate along body surface. 
Y Coordinate normal to body surface. 
Yw Wave amplitude--feet. 
P Ab solute viscosity--poise. 
- 
p Density--slug/ft 3 . 
*. . 
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